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(54) Apparatus for reducing concentration of carbon monoxide and method of the same 



(57) The structure of the present invention con- 
sumes carbon monoxide produced by the reverse shift 
reaction proceeding in an effective temperature range 
that ensures a sufficient activity of a catalyst for selec- 
tive oxidation of carbon monoxide, thus significantly 
reducing the concentration of carbon monoxide 
included in a resulting hydrogen-rich gas. A fuel 
reformer 30 incorporated in a fuel-cells system 10 
includes a gas flow sensor 37 disposed in a reformed 
gas supply conduit 36 that connects a reformer unit 32 
with a CO selective oxidizing unit 34. A control unit 70 
outputs driving signals to three valves of the CO selec- 

Fig. l 



tive oxidizing unit 34, in response to a detection signal 
from the gas flow sensor 37. The CO selective oxidizing 
unit 34 has three reaction chambers filled with a carbon 
monoxide selective oxidizing catalyst. The number of 
the reaction chambers, which a reformed gas fed to the 
CO selective oxidizing unit 34 passes through, is 
changed by switching the on/off state of the three 
valves. This structure enables the amount of the carbon 
monoxide selective oxidizing catalyst to be regulated 
according to the flow rate of the reformed gas fed to the 
CO selective oxidizing unit 34. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to an apparatus for 
reducing the concentration of carbon monoxide 
included in a carbon monoxide-containing hydrogen- 
rich gas and also to a method of the same. 

Description of the Prior Art 

Some proposed apparatuses for reducing the con- 
centration of carbon monoxide use an Au/Fe20 3 cata- 
lyst supported on alumina or another support (for 
example, JAPANESE PATENT LAYING-OPEN 
GAZETTE No 7-185303 and 7-196302). When a hydro- 
gen-rich gas and a predetermined amount of oxygen 
are fed into such an apparatus, the Au/Fe 2 0 3 catalyst 
accelerates the oxidation reaction of carbon monoxide 
preferentially over the oxidation reaction of hydrogen, 
thereby decreasing the concentration of carbon monox- 
ide included in the hydrogen-rich gas. 

These apparatuses for reducing the concentration 
of carbon monoxide are typically used in a fuel-cells 
system, for example, including polymer electrolyte fuel 
cells or phosphate fuel cells. The following shows elec- 
trochemical reactions occurring in such fuel cells: 

_> 2H + + 2e (1) 

2H + + 2e + (1/2)0 2 -> H 2 0 (2) 

H 2 + (1/2)02->H20 (3) 

Equation (1) shows the reaction occurring on the 
anode of the fuel cells; Equation (2) the reaction occur- 
ring on the cathode of the fuel cells; and Equation (3) 
the reaction occurring in the whole fuel cells. As clearly 
understood from these equations, for the progress of 
the cell reactions in the fuel cells, it is required to feed a 
supply of a hydrogen-containing gaseous fuel to the 
anode and a supply of an oxygen-containing oxidizing 
gas to the cathode. In case that these gases are con- 
taminated with carbon monoxide, carbon monoxide is 
adsorbed by a platinum catalyst incorporated in the fuel 
cells and thereby lowers the catalytic function of the 
platinum catalyst. The air is generally used as the oxi- 
dizing gas and does not contain a significant amount of 
carbon monoxide that lowers the catalytic function. The 
gaseous fuel is, on the other hand, generally contami- 
nated with a small amount of carbon monoxide, which 
may interfere with the decomposition reaction of hydro- 
gen proceeding on the anode and deteriorate the per- 
formance of the fuel cells. 

The contamination of the gaseous fuel with carbon 
monoxide is ascribed to the mechanism of producing 
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the gaseous fuel through the reforming reaction of a 
hydrocarbon. The fuel-cells system typically includes a 
specific fuel reformer, which reforms a hydrocarbon to a 
hydrogen-rich gaseous fuel and supplies the resulting 
5 gaseous fuel to the anode of the fuel cells. The following 
reaction of steam reforming methanol is an example of 
such reforming reactions: 

CH 3 OH -> CO + 2.H2 (4) 

10 

CO + H 2 0->C0 2 + H 2 (5) 

CH3OH + H 2 0 -> CO2 + 3H 2 (6) 

75 In the process of steam reforming methanol, the 
decomposition reaction expressed by Equation (4) pro- 
ceeds simultaneously with the reforming reaction of car- 
bon monoxide expressed by Equation (5). The reaction 
of Equation (6) accordingly proceeds as a whole and 

20 produces a carbon dioxide-containing hydrogen-rich 
gas. In case that these reactions are completely shifted 
to the right side, no carbon monoxide exists in the final 
stage. In the actual fuel reformer unit, however, it is 
impossible to shift the reaction of Equation (5) com- 

25 pletely to the right side. A trace amount of carbon mon- 
oxide is thus included as a by-product in the gaseous 
fuel produced by the fuel reformer unit. 

The carbon monoxide concentration reduction 
apparatus is accordingly used to reduce the concentra- 

30 tion of carbon monoxide included in the gaseous fuel 
fed to the fuel cells. The following Equation (7) shows 
the oxidation reaction of carbon monoxide proceeding in 
the carbon monoxide concentration reduction appara- 
tus. The allowable concentration of carbon monoxide in 

35 the gaseous fuel fed to the fuel cells is not greater than 
several percents in the case of phosphate fuel cells and 
not greater than several ppm in the case of polymer 
electrolyte fuel cells. 

40 CO + (1/2)0 2 -► C0 2 (7) 

The Au/Fe 2 0 3 catalyst accelerating the oxidation 
reaction of carbon monoxide has a narrow effective 
temperature range (60 to 80°C) that ensures a sufficient 

45 catalytic activity for reducing the concentration of car- 
bon monoxide. At the temperatures lower than the effec- 
tive temperature range, the low oxidation activity of the 
catalyst does not sufficiently accelerate the oxidation 
reaction of carbon monoxide, which results in insuffi- 

50 cient reduction of the concentration of carbon monox- 
ide. At the temperatures higher than the effective 
temperature range, on the other hand, a small amount 
of carbon monoxide existing in the gaseous fuel is not 
selectively oxidized. Under this condition, affluent 

55 hydrogen is oxidized, and the oxidation reaction of car- 
bon monoxide is not sufficiently earned out. 

In order to reduce the concentration of carbon mon- 
oxide sufficiently, a precise regulation of the inner tem- 



40 



2 



3 

perature of the carbon monoxide concentration 
reduction apparatus to the above effective temperature 
range is required according to the flow rate of the 
reformed gas that is subjected to the selective oxidation 
reaction of carbon monoxide. Rare metals, such as plat- 5 
inum. palladium, and rhodium, other than the Au/F^C^ 
catalyst are known as the CO selective oxidizing cata- 
lyst. These rare metals have wider effective temperature 
ranges than that of the Au/Fe20 3 catalyst. In case that 
the fuel cells receiving a supply of the reformed gas 
containing a reduced concentration of carbon monoxide 
are used as a power source for driving a vehicle, the 
amount of the reformed gas to be processed by the car- 
bon monoxide concentration reduction apparatus 
remarkably varies with a significant variation in loading. 
The catalyst having the wider effective temperature 
range that ensures a high catalytic activity for selective 
oxidation reaction of carbon monoxide facilitates the 
regulation of the inner temperature of the carbon mon- 
oxide concentration reduction apparatus to the effective 
temperature range. 

In some cases, however, the concentration of car- 
bon monoxide is not sufficiently reduced, even when the 
inner temperature of the carbon monoxide concentra- 
tion reduction apparatus is kept within the effective tem- 
perature range. This is because the catalyst for 
accelerating the oxidation reaction of carbon monoxide 
also has an activity for accelerating the production of 
carbon monoxide. In the carbon monoxide concentra- 
tion reduction apparatus, the reforming reaction of car- 
bon monoxide expressed by Equation (5) (hereinafter 
referred to as the shift reaction) and a reverse reaction 
of Equation (5) (hereinafter referred to as the reverse 
shift reaction) proceed in addition to the oxidation reac- 
tion of carbon monoxide expressed by Equation (7). The 
reverse shift reaction produces carbon monoxide. The 
following Equation (8) shows the reverse shift reaction, 
that is, a reverse of the reforming reaction of carbon 
monoxide expressed by Equation (5). The shift reaction 
of Equation (5) is exothermic, whereas the reverse shift 
reaction of Equation (8) is endothermic. 

Ha + CCfe^HaO + CO (8) 

The reactions of Equations (5) and (8) are reversi- 
ble. A variation in concentration of any one of the reac- 
tarrts and products or a variation in surrounding 
temperature shifts the equilibrium, and accelerates 
either the shift reaction of Equation (5) or the reverse 
shift reaction of Equation (8). In the effective tempera- 
ture range that ensures a sufficient activity of the CO 
selective oxidizing catalyst for selective oxidation of car- 
bon monoxide (for example, 100 to 160°C in the case of 
the platinum catalyst), the endothermic reverse shift 
reaction of Equation (8) proceeds to produce carbon 
monoxide. 

When the oxidation reaction of carbon monoxide 
expressed by Equation (7) sufficiently proceeds, the 
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degree of the reverse shift reaction expressed by Equa- 
tion (8) is significantly smaller than the degree of the 
oxidation reaction of carbon monoxide expressed by 
Equation (7). Under such conditions, the concentration 
of carbon monoxide in the reformed gas is sufficiently 
reduced. In case that the oxidation reaction of carbon 
monoxide is concluded before the reformed gas fed to 
the carbon monoxide concentration reduction apparatus 
has passed through the surface of the CO selective oxi- 
dising catalyst, however, only the reverse shift reaction 
of Equation (8) proceeds between the position of the 
conclusion of the oxidation reaction and the position of 
the discharge of the reformed gas. When it is required to 
reduce the concentration of carbon monoxide to the 
ppm level, the amount of carbon monoxide produced by 
the reverse shift reaction is negligible. The amount of 
oxygen introduced into the reformed gas for the oxida- 
tion reaction of carbon monoxide is generally deter- 
mined according to the flow rate of the reformed gas fed 
to the carbon monoxide concentration reduction appa- 
ratus. Oxygen is accordingly used up at the time point 
when the oxidation reaction of carbon monoxide is con- 
cluded. The oxidation reaction of Equation (7) can thus 
not proceed to consume carbon monoxide produced by 
the reverse shift reaction proceeding after the conclu- 
sion of the oxidation reaction of carbon monoxide. The 
reformed gas containing carbon monoxide produced by 
the reverse shift reaction is according fed from the car- 
bon monoxide concentration reduction apparatus to the 
fuel cells. 

As discussed above, even when the inner tempera- 
ture of the carbon monoxide concentration reduction 
apparatus is kept within the effective temperature range 
that ensures a high catalytic activity for selective oxida- 
tion of carbon monoxide, the conventional carbon mon- 
oxide concentration reduction apparatus may not 
sufficiently reduce the concentration of carbon monox- 
ide due to carbon monoxide produced by the reverse 
shift reaction. Especially in case that a significant varia- 
tion in loading connected to the fuel cells varies the 
amount of the reformed gas to be processed by the car- 
bon monoxide concentration reduction apparatus, a 
change in space velocity in the apparatus worsens the 
problem of the reverse shift reaction. The space velocity 
represents a volume of the supplied gas per unit volume 
of the catalyst and unit hour and shown by the unit of h" 
1 . The decrease in amount of the reformed gas to be 
processed by the carbon monoxide concentration 
reduction apparatus with a decrease in loading lowers 
the space velocity and causes the amount of the cata- 
lyst to be excess over the amount of the reformed gas 
subjected to the selective oxidation reaction of carbon 
monoxide. This quickly concludes the oxidation reaction 
of carbon monoxide and increases the amount of car- 
bon monoxide produced by the reverse shift reaction. 
When an increase in loading enhances the space veloc- 
ity in the carbon monoxide concentration reduction 
apparatus, on the other hand, the supply of the 
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reformed gas is made excess over the processing ability 
of the catalyst. This results in insufficient selective oxi- 
dation of carbon monoxide and causes the reformed 
gas containing the non-oxidized residual carbon monox- 
ide to be fed from the carbon monoxide concentration 5 
reduction apparatus to the fuel cells. 

SUMMARY OF THE INVENTION 

The object of the present invention is thus to con- 
sume carbon monoxide produced by the reverse shift 
reaction proceeding in an effective temperature range 
that ensures a sufficient activity of a catalyst for selec- 
tive oxidation of carbon monoxide and thereby signifi- 
cantly reduce the concentration of carbon monoxide 
included in a resulting hydrogen-rich gas. 

At least part of the above and the other related 
objects is realized by a first apparatus for reducing con- 
centration of carbon monoxide included in a carbon 
monoxide-containing hydrogen-rich gas, which 
includes: a carbon monoxide selective oxidation reac- 
tion unit including a predetermined amount of a carbon 
monoxide selective oxidizing catalyst for accelerating a 
selective oxidation reaction of carbon monoxide; oxidiz- 
ing gas introduction means for introducing an oxidizing 
gas containing oxygen for oxidizing carbon monoxide, 
into the carbon monoxide selective oxidation reaction 
unit; gas supply means for feeding the hydrogen-rich 
gas containing carbon monoxide into the carbon mon- 
oxide selective oxidation reaction unit; and catalyst 
amount control means for regulating an amount of the 
carbon monoxide selective oxidizing catalyst actually 
involved in the selective oxidation reaction of carbon 
monoxide among a total amount of the carbon monox- 
ide selective oxidizing catalyst , based on an amount of 
carbon monoxide included in the hydrogen-rich gas. 

In the first carbon monoxide concentration reduc- 
tion apparatus of the present invention, the amount of 
the carbon monoxide selective oxidizing catalyst 
involved in the selective oxidation reaction of carbon 
monoxide in the hydrogen -rich gas is regulated to be 
suitable for the amount of carbon monoxide existing in 
the hydrogen-rich gas. This structure adequately regu- 
lates the space velocity of the hydrogen-rich gas into 
the carbon monoxide selective oxidation reaction unit 
so as to sufficiently reduce the concentration of carbon 
monoxide in the hydrogen-rich gas. Unlike the conven- 
tional structure, the adequate space velocity effectively 
prevents the selective oxidation reaction of carbon mon- 
oxide from being quickly concluded in the carbon mon- 
oxide selective oxidation reaction unit and thus 
depresses the reverse shift reaction that increases the 
concentration of carbon monoxide in the hydrogen-rich 
gas. The adequate space velocity also ensures the suf- 
ficient selective oxidation reaction of carbon monoxide 
in the carbon monoxide selective oxidation reaction unit, 
thereby preventing a significant amount of carbon mon- 
oxide from not being oxidized but remaining in the 
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hydrogen-rich gas. 

In the first carbon monoxide concentration reduc- 
tion apparatus, the oxidizing gas introduced into the car- 
bon monoxide selective oxidation reaction unit by the 
oxidizing gas introduction means may be mixed in 
advance with the hydrogen-rich gas. 

In the first carbon monoxide concentration reduc- 
tion apparatus of the present invention, it is preferable 
that the carbon monoxide selective oxidation reaction 
unit includes a plurality of carbon monoxide selective 
oxidizing units that respectively include the carbon mon- 
oxide selective oxidising catalyst and have an inlet, into 
which the hydrogen-rich gas mixed with the oxidizing 
gas flows, and an outlet, from which the hydrogen-rich 
gas containing a reduced concentration of carbon mon- 
oxide is discharged. In this structure, the catalyst 
amount control means controls an open/close state of at 
least either one of the inlet and the outlet of each carbon 
monoxide selective oxidizing unit, so as to enable the 
selective oxidation reaction of carbon monoxide to pro- 
ceed in a predetermined number of the carbon monox- 
ide selective oxidizing units corresponding to the 
amount of carbon monoxide included in the hydrogen- 
rich gas. 

This structure simply controls the open/close state 
of at least either one of the inlet and the outlet of each 
carbon monoxide selective oxidizing unit, in order to 
regulate the amount of the catalyst. 

In the first carbon monoxide concentration reduc- 
tion apparatus of the present invention, it is also prefer- 
able that the carbon monoxide selective oxidation 
reaction unit includes a plurality of gas discharge open- 
ings arranged in a flow direction of the hydrogen-rich 
gas for discharging the hydrogen-rich gas containing a 
reduced concentration of carbon monoxide. In this 
structure, the catalyst amount control means selects 
one gas discharge opening, from which the hydrogen- 
rich gas containing the reduced concentration of carbon 
monoxide is actually discharged, among the plurality of 
gas discharge openings, so as to vary an area of the 
carbon monoxide selective oxidizing catalyst involved in 
the selective oxidation reaction of carbon monoxide in 
the carbon monoxide selective oxidation reaction unit 

In this structure, the amount of the catalyst is read- 
ily controlled by simply selecting a suitable gas dis- 
charge opening. 

The present invention is also directed to a second 
apparatus for reducing concentration of carbon monox- 
ide included in a carbon monoxide-containing hydro- 
gen-rich gas, which includes: a carbon monoxide 
selective oxidation reaction unit including a carbon mon- 
oxide selective oxidizing catalyst that accelerates a 
selective oxidation reaction of carbon monoxide 
depending upon a temperature; oxidizing gas introduc- 
tion means for introducing an oxidizing gas containing 
oxygen for oxidizing carbon monoxide, into the carbon 
monoxide selective oxidation reaction unit; gas supply 
means for feeding the hydrogen-rich gas containing car- 
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bon monoxide into the carbon monoxide selective oxi- 
dation reaction unit; and catalyst activity control means 
for regulating a temperature of the carbon monoxide 
selective oxidizing catalyst, in order to enable the selec- 
tive oxidation reaction of carbon monoxide proceeding 
in the carbon monoxide selective oxidation reaction unit 
to be concluded in the vicinity of an outlet of the carbon 
monoxide selective oxidation reaction unit from which 
the hydrogen-rich gas containing a reduced concentra- 
tion of carbon monoxide is discharged. 

In the second carbon monoxide concentration 
reduction apparatus of the present invention, the selec- 
tive oxidation reaction of carbon monoxide proceeding 
in the carbon monoxide selective oxidation reaction unit 
is made to conclude in the vicinity of the outlet of the 
carbon monoxide selective oxidation reaction unit. This 
structure effectively prevents the selective oxidation 
reaction of carbon monoxide from being quickly con- 
cluded and thus depresses the reverse shift reaction 
that increases the concentration of carbon monoxide in 
the hydrogen-rich gas. This structure also ensures the 
sufficient selective oxidation reaction of carbon monox- 
ide, thereby preventing a significant amount of carbon 
monoxide from not being oxidized but remaining in the 
hydrogen-rich gas. 

In the second carbon monoxide concentration 
reduction apparatus of the present invention, it is prefer- 
able that the catalyst activity control means includes: 
oxidation temperature estimation means for estimating 
an optimum temperature of the carbon monoxide selec- 
tive oxidizing catalyst that enables the selective oxida- 
tion reaction of carbon monoxide proceeding in the 
carbon monoxide selective oxidation reaction unit to be 
concluded at the outlet of the carbon monoxide selec- 
tive oxidation reaction unit, based on an amount of car- 
bon monoxide included in the hydrogen-rich gas; and 
catalyst temperature control means for varying the tem- 
perature of the carbon monoxide selective oxidizing cat- 
alyst, in order to make the temperature of the carbon 
monoxide selective oxidizing catalyst approach the opti- 
mum temperature estimated by the oxidation tempera- 
ture estimation means. 

Even when the amount of carbon monoxide 
included in the hydrogen-rich gas is varied significantly, 
the temperature of the carbon monoxide selective oxi- 
dizing catalyst is regulated according to the varied 
amount of carbon monoxide. This structure enables the 
selective oxidation reaction of carbon monoxide to be 
concluded at the time point when the hydrogen-rich gas 
has just passed through the surface of the carbon mon- 
oxide selective oxidizing catalyst. 

In the second carbon monoxide concentration 
reduction apparatus of the present invention, it is also 
preferable that the catalyst activity control means 
includes: a plurality of carbon monoxide sensors 
arranged in a flow direction of the hydrogen-rich gas in 
the carbon monoxide selective oxidation reaction unit; 
and catalyst temperature control means for varying the 



temperature of the carbon monoxide selective oxidizing 
catalyst, based on a variation in concentration of carbon 
monoxide included in the hydrogen-rich gas in the car- 
bon monoxide selective oxidation reaction unit, which is 

5 detected by the plurality of carbon monoxide sensors. 

In case that the concentration of carbon monoxide 
in the hydrogen-rich gas discharged from the carbon 
monoxide selective oxidation reaction unit is not suffi- 
ciently reduced, this structure readily ascribes the insuf- 

w ficient reduction either to the insufficient selective 
oxidation reaction of carbon monoxide or to the excess 
progress of the reverse shift reaction. This accordingly 
ensures appropriate temperature control of the carbon 
monoxide selective oxidizing catalyst. 

15 The present invention is further directed to a third 
apparatus for reducing concentration of carbon monox- 
ide included in a carbon monoxide-containing hydro- 
gen-rich gas, which includes: a carbon monoxide 
selective oxidation reaction unit including a carbon mon- 

20 oxide selective oxidizing catalyst for accelerating a 
selective oxidation reaction of carbon monoxide; oxidiz- 
ing gas introduction means for introducing an oxidizing 
gas containing oxygen for oxidising carbon monoxide, 
into the carbon monoxide selective oxidation reaction 

25 unit; gas supply means for feeding the hydrogen-rich 
gas containing carbon monoxide into the carbon mon- 
oxide selective oxidation reaction unit; and a methaniza- 
tion reaction unit including a methanization catalyst for 
accelerating a methanization reaction of carbon monox- 

30 ide, the methanization reaction unit receiving a supply 
of the hydrogen rich gas containing a reduced concen- 
tration of carbon monoxide fed from the carbon monox- 
ide selective oxidation reaction unit and further reducing 
the concentration of carbon monoxide in the hydrogen- 

35 rich gas through the methanization reaction. 

In the third carbon monoxide concentration reduc- 
tion apparatus of the present invention, even when the 
carbon monoxide selective oxidation reaction unit does 
not sufficiently reduce the concentration of carbon mon- 

40 oxide, the methanization reaction unit methanizes the 
non-oxidized residual carbon monoxide, thereby suffi- 
ciently reducing the concentration of carbon monoxide 
in the hydrogen-rich gas. 

The present invention is also directed to a fourth 

45 apparatus for reducing concentration of carbon monox- 
ide included in a carbon monoxide-containing hydro- 
gen-rich gas, which includes: a carbon monoxide 
selective oxidation reaction unit including a carbon mon- 
oxide selective oxidizing catalyst for accelerating a 

so selective oxidation reaction of carbon monoxide; oxidiz- 
ing gas introduction means for introducing an oxidizing 
gas containing oxygen for oxidizing carbon monoxide, 
into the carbon monoxide selective oxidation reaction 
unit; and gas supply means for feeding the hydrogen- 

55 rich gas containing carbon monoxide into the carbon 
monoxide selective oxidation reaction unit. The carbon 
monoxide selective oxidation reaction unit further 
includes a methanization catalyst for accelerating a 
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methanization reaction of carbon monoxide, in order to 
reduce the concentration of carbon monoxide in the 
hydrogen-rich gas through the selective oxidation reac- 
tion of carbon monoxide as well as the methanization 
reaction. 5 

In the fourth carbon monoxide concentration reduc- 
tion apparatus of the present invention, the methaniza- 
tion reaction as well as the selective oxidation reaction 
of carbon monoxide reduces the concentration of car- 
bon monoxide included in the hydrogen-rich gas. Even 
when the selective oxidation reaction of carbon monox- 
ide is concluded quickly and the reverse shift reaction 
proceeds to produce carbon monoxide in the carbon 
monoxide selective oxidation reaction unit, the methani- 
zation reaction methanizes carbon monoxide newly pro- 
duced, so that the resulting hydrogen-rich gas has an 
extremely low concentration of carbon monoxide. One 
catalyst included in the carbon monoxide selective oxi- 
dation reaction unit may have both the activities for 
selective oxidation and methanization of carbon monox- 
ide. Alternatively different catalysts may have the 
respective activities. 

The present invention is further directed to a fifth 
apparatus for reducing concentration of carbon monox- 
ide included in a carbon monoxide-containing hydro- 
gen-rich gas, which includes: a carbon monoxide 
selective oxidation reaction unit including a carbon mon- 
oxide selective oxidizing catalyst for accelerating a 
selective oxidation reaction of carbon monoxide; oxidiz- 
ing gas introduction means for introducing a predeter- 
mined amount of an oxidizing gas containing oxygen for 
oxidizing carbon monoxide, into the carbon monoxide 
selective oxidation reaction unit, the predetermined 
amount depending upon a flow rate of the hydrogen-rich 
gas; and gas supply means for feeding the hydrogen- 
rich gas containing carbon monoxide into the carbon 
monoxide selective oxidation reaction unit The oxidiz- 
ing gas introduction means includes: oxidizing gas 
amount calculation means for calculating a required 
amount of the oxidizing gas for oxidizing carbon monox- 
ide secondarily produced in the carbon monoxide selec- 
tive oxidation reaction unit in addition to carbon 
monoxide originally included in the hydrogen-rich gas, 
based on a temperature of the carbon monoxide selec- 
tive oxidizing catalyst and a space velocity of the hydro- 
gen-rich gas in the carbon monoxide selective oxidation 
reaction unit; and oxidizing gas supply determination 
means for determining a supply of the oxidizing gas 
introduced into the carbon monoxide selective oxidation 
reaction unit, based on the required amount of the oxi- 
dizing gas calculated by the oxidizing gas supply calcu- 
lation means. 

Even when a decrease in supply of the hydrogen- 
rich gas lowers the space velocity in the carbon monox- 
ide selective oxidation reaction unit, the fifth carbon 
monoxide concentration reduction apparatus of the 
present invention effectively prevents the concentration 
of carbon monoxide from increasing due to the reverse 



shift reaction, thus sufficiently reducing the concentra- 
tion of carbon monoxide in the hydrogen-rich gas. 

Part of the objects of the present invention is also 
realized by a f irst method of reducing concentration of 
carbon monoxide included in a carbon monoxide-con- 
taining hydrogen-rich gas. The f irst method includes the 
steps of: 

(a) mixing an oxidizing gas containing oxygen for 
oxidizing carbon monoxide with the hydrogen-rich 
gas; and 

(b) utilizing a carbon monoxide selective oxidizing 
catalyst for accelerating a selective oxidation reac- 
tion of carbon monoxide, thereby reducing the con- 
centration of carbon monoxide in the hydrogen-rich 
gas mixed with the oxidizing gas through the selec- 
tive oxidation reaction of carbon monoxide, 

the step (b) further including the step of: 

(b-1) regulating an amount of the carbon mon- 
oxide selective oxidizing catalyst actually 
involved in the selective oxidation reaction of 
carbon monoxide, based on an amount of car- 
bon monoxide in the hydrogen-rich gas. 



The first method of the present invention ade- 
quately regulates the space velocity of the hydro- 
gen-rich gas. so as to sufficiently reduce the 
concentration of carbon monoxide in the hydrogen- 
rich gas. Unlike the conventional method, the ade- 
quate space velocity effectively prevents the selec- 
tive oxidation reaction of carbon monoxide from 
being quickly concluded and thus depresses the 
reverse shift reaction that increases the concentra- 
tion of carbon monoxide in the hydrogen-rich gas. 
The adequate space velocity also ensures the suffi- 
cient selective oxidation reaction of carbon monox- 
ide, thereby preventing a significant amount of 
carbon monoxide from not being oxidized but 
remaining in the hydrogen-rich gas. 

The present invention is also directed to a sec- 
ond method of reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas. The second method 
includes the steps of: 

(c) mixing an oxidizing gas containing oxygen for 
oxidizing carbon monoxide with the hydrogen-rich 
gas; and 

(d) utilizing a carbon monoxide selective oxidizing 
catalyst that accelerates a selective oxidation reac- 
tion of carbon monoxide depending upon a temper- 
ature, thereby reducing the concentration of carbon 
monoxide in the hydrogen-rich gas mixed with the 
oxidizing gas through the selective oxidation reac- 
tion of carbon monoxide proceeding on a surface of 
the carbon monoxide selective oxidizing catalyst, 

the step (d) further including the step of: 
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(d-1) regulating a temperature of the carbon 
monoxide selective oxidizing catalyst in order 
to enable the selective oxidation reaction of 
carbon monoxide to be concluded at a time 
point when the hydrogen-rich gas has just 5 
passed through the carbon monoxide selective 
oxidizing catalyst. 



The second method of the present invention 10 
effectively prevents the selective oxidation reaction 
of carbon monoxide from being quickly concluded 
and thus depresses the reverse shift reaction that 
increases the concentration of carbon monoxide in 
the hydrogen-rich gas. The second method also is 
ensures the sufficient selective oxidation reaction of 
carbon monoxide, thereby preventing a significant 
amount of carbon monoxide from not being oxi- 
dized but remaining in the hydrogen-rich gas. 

The present invention is further directed to a 20 
third method of reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas. The third method includes 
the steps of: 

(e) mixing an oxidizing gas containing oxygen for 25 
oxidizing carbon monoxide with the hydrogen-rich 
gas; 

(f) utilizing a carbon monoxide selective oxidizing 
catalyst for accelerating a selective oxidation reac- 
tion of carbon monoxide, thereby reducing the con- 30 
cerrtration of carbon monoxide in the hydrogen-rich 
gas mixed with the oxidizing gas through the selec- 
tive oxidation reaction of carbon monoxide; and 

(g) utilizing a methanization catalyst for accelerat- 
ing a methanization reaction of carbon monoxide, 35 
thereby further reducing the concentration of car- 
bon monoxide included in the hydrogen-rich gas 
through the methanization reaction, after the reduc- 
tion of the concentration of carbon monoxide 
through the selective oxidation reaction of carbon 40 
monoxide. 

In the third method of the present invention, 
even when the selective oxidation reaction of car- 
bon monoxide does not sufficiently reduce the con- 
centration of carbon monoxide, the methanization 45 
reaction methanizes the non-oxidized residual car- 
bon monoxide, thereby sufficiently reducing the 
concentration of carbon monoxide in the hydrogen- 
rich gas. 

The present invention is further directed to a so 
fourth method of reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas. The fourth method includes 
the steps of: 

(h) mixing an oxidizing gas containing oxygen for 55 
oxidizing carbon monoxide with the hydrogen-rich 
gas; and 

(i) utilizing a mixture of a carbon monoxide selective 



oxidizing catalyst for accelerating a selective oxida- 
tion reaction of carbon monoxide and a methaniza- 
tion catalyst for accelerating a methanization 
reaction of carbon monoxide, thereby reducing the 
concentration of carbon monoxide in the hydrogen- 
rich gas mixed with the oxidizing gas through the 
selective oxidation reaction of carbon monoxide 
and the methanization reaction. 

In the fourth method of the present invention, 
the methanization reaction as well as the selective 
oxidation reaction of carbon monoxide reduces the 
concentration of carbon monoxide included in the 
hydrogen-rich gas. Even when the selective oxida- 
tion reaction of carbon monoxide is concluded 
quickly and the reverse shift reaction proceeds to 
produce carbon monoxide, the methanization reac- 
tion methanizes carbon monoxide newly produced, 
so that the resulting hydrogen-rich gas has an 
extremely low concentration of carbon monoxide. 

The present invention is further directed to a 
fifth method of reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas. The fifth method includes 
the steps of: 

(j) mixing a predetermined amount of an oxidizing 
gas containing oxygen for oxidizing carbon monox- 
ide with the hydrogen-rich gas, the predetermined 
amount depending upon a flow rate of the hydro- 
gen-rich gas; and 

(k) utilizing a carbon monoxide selective oxidising 
catalyst for accelerating a selective oxidation reac- 
tion of carbon monoxide, thereby reducing the con- 
centration of carbon monoxide in the hydrogen-rich 
gas mixed with the oxidizing gas through the selec- 
tive oxidation reaction of carbon monoxide; 

the step (k) further including the steps of: 

(k-1) calculating a required amount of the oxi- 
dizing gas for oxidizing carbon monoxide sec- 
ondarily produced in the presence of the 
carbon monoxide selective oxidizing catalyst in 
addition to carbon monoxide originally included 
in the hydrogen-rich gas. based on a tempera- 
ture of the carbon monoxide selective oxidizing 
catalyst and a space velocity of the hydrogen- 
rich gas for a progress of the selective oxida- 
tion reaction of carbon monoxide; and 
(k-2) determining a supply of the oxidising gas 
to be mixed with the hydrogen-rich gas, based 
on the required amount of the oxidizing gas cal- 
culated in the step (k-1). 

Even when a decrease in supply of the hydrogen- 
rich gas lowers the space velocity, the fifth method of 
the present invention effectively prevents the concentra- 
tion of carbon monoxide from increasing due to the 
reverse shift reaction, thus sufficiently reducing the con- 
centration of carbon monoxide in the hydrogen-rich gas. 
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Another possible application of the present inven- 
tion is a fuel-cells system that includes fuel cells for 
receiving supplies of a hydrogen-containing gaseous 
fuel and an oxygen-containing oxidizing gas and gener- 
ating an electromotive force, and a fuel supply unit for 5 
feeding the gaseous fuel to the fuel cells. The fuel sup- 
ply unit includes a fuel reformer for reforming a prede- 
termined hydrocarbon to a carbon monoxide-containing 
hydrogen-rich gas, and any one of the carbon monoxide 
concentration reduction apparatuses of the present w 
invention for receiving a supply of the hydrogen-rich gas 
from the fuel reformer and discharging the gaseous fuel 
containing a reduced concentration of carbon monox- 
ide. 

Even when the amounts processed by the fuel 15 
reformer and the carbon monoxide concentration reduc- 
tion apparatus are varied with a variation in loading con- 
nected to the fuel cells, the structure of the fuel-cells 
system enables the gaseous fuel containing a suffi- 
ciently reduced amount of carbon monoxide to be fed to 20 
the fuel cells. 

These and other objects, features, aspects, and 
advantages of the present invention will become more 
apparent from the following detailed description of the 
preferred embodiments with the accompanying draw- 25 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram illustrating structure of a 30 
fuel-cells system 10 as a first embodiment accord- 
ing to the present invention; 
Fig. 2 is across sectional view schematically illus- 
trating structure of a unit cell 28 in a stack of fuel 
cells 20; 35 
Fig. 3isa cross sectional view illustrating structure 
of a carbon monoxide sensor 40; 
Fig. 4 shows structure of the CO selective oxidizing 
unit 34 of the first embodiment; 
Fig. 5 is a graph showing variations in concentration ao 
of carbon monoxide included in the reformed gas 
passing through a CO selective oxidizing unit; 
Fig. 6 is a graph showing the flow rate of the 
reformed gas fed to the CO selective oxidizing unit 
34 plotted against the classified ranges; 45 
Fig. 7 is a flowchart showing a routine of regulating 
the amount of a catalyst in the CO selective oxidiz- 
ing unit 34; 

Fig. 8 shows structure of another CO selective oxi- 
dising unit 34A as a second embodiment according so 
to the present invention; 

Rg. 9 shows structure of still another CO selective 
oxidizing unit 34B as a third embodiment according 
to the present invention; 

Fig. 1 0 illustrates a mask 87A used in the COselec- 55 
tive oxidizing unit 34B of the third embodiment; 
Rg. 1 1 is a gjaph showing the relationship between 
the mask opening ratio and the flow rate of the 



reformed gas regulated in the CO selective oxidiz- 
ing unit 34B of the third embodiment; 
Rg. 12 is a flowchart showing a routine of regulat- 
ing the opening ratio in the CO selective oxidising 
unit34B; 

Rg. 13 shows structure of another CO selective oxi- 
dizing unit 34C as a fourth embodiment according 
to the present invention; 

Rg. 14 shows structure of still another CO selective 
oxidizing unit 34D as a fifth embodiment according 
to the present invention; 

Rg. 15 is a graph showing variations in concentra- 
tion of carbon monoxide included in the reformed 
gas passing through a CO selective oxidizing unit at 
various temperatures of the catalyst; 
Rg. 1 6 is a graph showing the relationship between 
the activity for the reverse shift reaction and the 
temperature of the catalyst; 
Rg. 1 7 is a graph showing the relationship between 
the activity for oxidation and the temperature of the 
catalyst; 

Rg. 18 is a graph showing the temperature of the 
catalyst plotted against the flow rate of the reformed 
gas when the lowest concentration of carbon mon- 
oxide in the reformed gas is attained in the vicinity 
of an outlet of the CO selective oxidizing unit; 
Rg. 19 is a flowchart showing a routine of regulat- 
ing the temperature of the catalyst in a CO selective 
oxidizing unit 34E of a sixth embodiment; 
Rg. 20 shows structure of another CO selective oxi- 
dizing unit 34F as a seventh embodiment according 
to the present invention; 

Rg. 21 is a flowchart showing a routine of regulat- 
ing the temperature of the catalyst in the CO selec- 
tive oxidizing unit 34F; 

Rg. 22 is a block diagram illustrating structure of 
another fuel-cells system 10G as an eighth embod- 
iment according to the present invention; 
Rg. 23 is a graph showing the relationship between 
the mechanization activity of the ruthenium catalyst 
and the temperature of the catalyst; 
Rg. 24 is a graph showing the relationship between 
the concentration of carbon monoxide included in 
the gas fed to the methanization unit 94 of the 
eighth embodiment and the minimum temperature 
of the catalyst for sufficiently methanizing carbon 
monoxide in the gas; 

Rg. 25 is a flowchart showing a routine of regulat- 
ing the temperature of the catalyst in the methani- 
zation unit 94; 

Rg. 26 shows structure of another CO selective oxi- 
dizing unit 34H as a ninth embodiment according to 
the present invention; 

Rg. 27 shows structure of still another CO selective 
oxidizing unit 34I as a modification of the ninth 
embodiment; 

Rg. 28 is a graph showing the activities of the cata- 
lyst for the reverse shift reaction and the methaniza- 
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tion reaction plotted against the temperature of the 
catalyst; 

Fig. 29 shows structure of still another CO selective 
oxidizing unit 34K as an eleventh embodiment 
according to the present invention; and s 
Fig. 30 is a flowchart showing a routine of regulat- 
ing the amount of the oxidizing gas introduced into 
the CO selective oxidizing unit 34K. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Some modes of carrying out the present invention 
are discussed below as preferred embodiments. Fig. 1 
is a block diagram illustrating structure of a fuel-cells 
system 10 as a first embodiment according to the 
present invention. As shown in Fig. 1 , the fuel-cells sys- 
tem 10 includes a methanol tank 12, a water tank 14, a 
fuel reformer 30, and fuel cells 20 as primary constitu- 
ents. 

The methanol tank 12 stores methanol and the 
water tank 14 stores water. Supplies of methanol and 
water are fed to the fuel reformer 30 via a crude fuel 
supply conduit 17. The fuel reformer 30 converts the 
supplies of methanol and water to a gaseous fuel con- 
taining hydrogen. The fuel cells 20 receive supplies of 
the gaseous fuel produced by the fuel reformer 30 and 
an oxygen-containing oxidizing gas and generate an 
electromotive force through electrochemical reactions. 

The fuel cells 20 are polymer electrolyte fuel cells 
and constructed as a stack of plural unit cells 28. Fig. 2 
is a cross sectional view schematically illustrating struc- 
ture of each unit cell 28 in the stack of fuel cells 20. The 
unit cell 28 includes an electrolyte membrane 21, an 
anode 22, a cathode 23, and separators 24 and 25. 

The anode 22 and the cathode 23 are gas diffusion 
electrodes arranged across the electrolyte membrane 
21 to construct a sandwich-like structure. The separa- 
tors 24 and 25 are disposed outside the sandwich-like 
structure and respectively connected to the anode 22 
and the cathode 23 to form flow paths of gaseous fuel 
and oxidizing gas. Row paths 24P of gaseous fuel are 
defined by the anode 22 and the separator 24, whereas 
flow paths 25P of oxidizing gas are defined by the cath- 
ode 23 and the separator 25. 

The electrolyte membrane 21 is a proton-conduc- 
tive ion-exchange membrane composed of a polymer 
material, such asfluororesin, and shows favorable elec- 
trical conductivity in the wet state. In this embodiment a 
Nation membrane (manufactured by du Pont) is applied 
for the electrolyte membrane 21. The surface of the 
electrolyte membrane 21 is coated with platinum or a 
platinum-containing alloy functioning as a catalyst. The 
technique adopted in this embodiment to apply the cat- 
alyst prepares carbon powder with platinum or a plati- 
num-containing alloy supported thereon, disperses the 
catalyst-supported carbon powder into an appropriate 
organic solvent, adds a specific amount of an electrolyte 



solution (for example, Nation solution manufactured by 
Aldrich Chemical Corp.) to the dispersion to form a 
paste, and screen-prints the paste on the electrolyte 
membrane 21. Another available technique forms the 
paste containing the catalyst-supported carbon powder 
to a sheet and presses the sheet onto the electrolyte 
membrane 21. 

The anode 22 and the cathode 23 are made of car- 
bon cloth, which is woven of yarns consisting of carbon 
f foers. Although the anode 22 and the cathode 23 are 
composed of carbon cloth in this embodiment, carbon 
paper or carbon felt consisting of carbon fibers are also 
favorably applicable for the material of the anode 22 and 
the cathode 23. 

The separators 24 and 25 are made of a gas-imper- 
meable conductive material, for example, gas-imperme- 
able, dense carbon obtained by compressing carbon. 
Each of the separators 24 and 25 has a plurality of ribs 
formed in a predetermined shape on the surface 
thereof. As discussed previously, the separator 24 is 
combined with the surface of the anode 22 to define the 
flow paths 24P of gaseous fuel, whereas the separator 
25 is combined with the surface of the cathode 23 to 
define the flow paths 25P of oxidizing gas. The ribs 
formed on the surface of each separator may have any 
shape that allows formation of gas flow paths and sup- 
ply of the gaseous fuel or the oxidizing gas to the corre- 
sponding gas diffusion electrode. In this embodiment, 
the ribs are a plurality of grooves formed in parallel. 
Although the separators 24 and 25 are regarded as dif- 
ferent elements in the above discussion, each separator 
has ribs formed on both surfaces thereof and is inter- 
posed between adjoining unit cells 28 in the actual stack 
of fuel cells 20. 

As discussed above, each unit cell 28. which is the 
fundamental structure of the fuel cells 20, has the 
anode 22, the electrolyte membrane 21, and the cath- 
ode 23 that are interposed between separators. The 
stack of fuel cells 20 is obtained by stacking plural sets 
of such unit cells 28 (100 sets in this embodiment) and 
setting current collector plates (not shown), which are 
made of dense carbon or copper plates, on both ends of 
the stack structure. 

Although only the supply system of the gaseous 
fuel fed to the anode of the fuel cells 20 is illustrated in 
Fig. 1 . an oxidizing gas supply unit (not shown) for feed- 
ing the pressurized air is connected to the cathode. The 
stack of fuel cells 20 is also connected with a fuel gas 
discharge unit and an oxidizing gas discharge unit (not 
shown) that respectively discharge the exhausts of fuel 
gas and oxidizing gas, which have been subjected to 
the electrochemical reactions on the respective elec- 
trodes, out of the fuel cells 20. 

Referring back to Fig. 1, the fuel reformer 30 
includes a reformer unit 32, a CO selective oxidizing unit 
34, a gas flow sensor 37, a carbon monoxide sensor 40, 
a blower 38, and a control unit 70 as primary constitu- 
ents. The reformer unit 32 receives supplies of metha- 
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no! and water and produces a hydrogen-rich reformed 
gas. The CO selective oxidizing unit 34 oxidizes carbon 
monoxide included in the reformed gas and decreases 
the concentration of carbon monoxide in the reformed 
gas, so as to produce a gaseous fuel containing carbon 
monoxide of not greater than a predetermined level. 
The gas flow sensor 37 and the carbon monoxide sen- 
sor 40 are disposed in the middle of a reformed gas 
supply conduit 36 that feeds the reformed gas produced 
by the reformer unit 32 to the CO selective oxidizing unit 
34, and respectively measure the flow rate of the 
reformed gas and the concentration of carbon monox- 
ide included in the reformed gas. The blower 38 feeds 
an oxygen-containing oxidizing gas (the air in this 
embodiment) to the reformed gas supply conduit 36 via 
an induction pipe 39, which is connected to the 
reformed gas supply conduit 36 and arranged after the 
gas flow sensor 37 and the carbon monoxide sensor 40. 
The control unit 70 controls the operations of the 
respective constituents of the fuel reformer 30. The 
respective constituents of the fuel reformer 30 are dis- 
cussed in detail below. 

The reformer unit 32 receives supplies of methanol 
and water from the methanol tank 12 and the water tank 
14 and produces a reformed gas containing hydrogen 
and carbon dioxide through the reactions expressed by 
Equations (4) and (5) discussed previously. The crude 
fuel supply conduit 17 for feeding the supplies of meth- 
anol and water to the reformer unit 32 branches off at a 
predetermined position to a first branch path 16. The 
first branch path 16 goes into the CO selective oxidizing 
unit 34, in order to enable a crude fuel consisting of 
methanol and water to circulate through a circumferen- 
tial portion of the CO selective oxidizing unit 34. The first 
branch path 16 going through the CO selective oxidizing 
unit 34 again joins with the crude fuel supply conduit 1 7 
at a downstream site. As discussed later, the CO selec- 
tive oxidizing unit 34 is heated to a predetermined high 
temperature. This configuration accordingly increases 
the temperatures of methanol and water prior to the 
supply to the reformer unit 32. The crude fuel supply 
conduit 1 7 and the first branch path 16 are respectively 
provided with valves 1 7B and 1 6B, which are connected 
to the control unit 70. The control unit 70 outputs driving 
signals to these valves 17B and 16B and controls the 
positions thereof, thus regulating the flow rates of the 
crude fuel passing through the respective flow paths. 

As discussed above, the reforming reaction of car- 
bon monoxide expressed as Equation (5) is not com- 
pletely shifted to the right side, so that the reformed gas 
produced by the reformer unit 32 contains a small 
amount of carbon monoxide as a by-product The con- 
centration of carbon monoxide included in the reformed 
gas depends upon the type of the catalyst packed in the 
reformer unit 32. the operating temperature of the 
reformer unit 32, and the flow rates (space velocities) of 
methanol and water fed to the reformer unit 32 per unit 
volume of the catalyst. In this embodiment, a Cu-Zn cat- 



alyst is packed in the reformer unit 32. 

The Cu-Zn catalyst is made of metal oxides pre- 
pared by copreciprtation and formed to tablets of 1/8 
inch in diameter. The reformer unit 32 is filled with the 

s Cu-Zn catalyst. Methanol and water fed to the reformer 
unit 32 via the crude fuel supply conduit 17 are heated 
and vaporized by an evaporator (not shown) arranged 
before the reformer unit 32 and introduced into the 
reformer unit 32. As discussed above, in this embodi- 

w ment, methanol and water supplied via the crude fuel 
supply conduit 1 7 pass through the CO selective oxidiz- 
ing unit 34 to be heated therein. This configuration 
effectively reduces the amount of heat required for 
vaporizing methanol and water in the evaporator. A 

75 vapor mixture of methanol and water is then led into the 
reformer unit 32 and brought into contact with the 
reforming catalyst. The reforming reactions accordingly 
proceed on the surface of the reforming catalyst. With 
the progress of the reforming reactions, hydrogen and 

20 carbon dioxide are produced, and a hydrogen-rich 
reformed gas is output to the reformed gas supply con- 
duit 36. 

The reforming reactions carried out in the reformer 
unit 32 are endothermic as a whole (reaction expressed 

25 by Equation (6)), and the reformer unit 32 has a com- 
bustion unit (not shown) for obtaining heat required for 
the reactions. The combustion unit receives a supply of 
methanol from the methanol tank 1 2 and a supply of the 
fuel gas exhaust discharged after the cell reactions in 

30 the fuel cells 20 as the fuel for combustion. Regulation 
of the supplies of methanol and fuel gas exhaust fed to 
the combustion unit controls the operating temperature 
of the reformer unit 32 in a range of 220°C to 300°C. 
The reformer unit 32 is connected to the control unit 70 

35 via a predetermined conductive line. The control unit 70 
regulates the supplies of methanol and fuel gas exhaust 
fed to the combustion unit and supplies of methanol and 
water fed to the reformer unit 32. 

The CO selective oxidizing unit 34 receives sup- 

40 plies of the oxidizing gas and the reformed gas pro- 
duced by the reformer unit 32 and oxidizes carbon 
monoxide included in the reformed gas preferentially 
over hydrogen, thereby reducing the concentration of 
carbon monoxide included in a resulting gaseous fuel. 

45 The gaseous fuel is fed to the fuel cells 20 via a gase- 
ous fuel supply conduit 18. The CO selective oxidizing 
unit 34 namely works as a carbon monoxide concentra- 
tion reduction unit in the fuel reformer 30. The CO selec- 
tive oxidizing unit 34 is filled with alumina pellets with a 

so CO selective oxidizing catalyst, such as a platinum cat- 
alyst, supported thereon. The concentration of carbon 
monoxide included in the gaseous fuel that is obtained 
by making the reformed gas flow through the CO selec- 
tive oxidizing unit 34 depends upon the operating tem- 

55 perature of the CO selective oxidizing unit 34, the 
concentration of carbon monoxide included in the sup- 
ply of reformed gas, and the flow rate (space velocity) of 
the reformed gas fed to the CO selective oxidizing unit 
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34 per unit volume of the catalyst. The structure of the 
CO selective oxidizing unit 34 is essential of the present 
invention and will be discussed in detail later. 

A temperature sensor 35 for measuring the inner 
temperature of the CO selective oxidizing unit 34 is dis- s 
posed in the CO selective oxidizing unit 34. The temper- 
ature sensor 35 is made of a thermocouple and 
arranged to be in contact with the CO selective oxidizing 
catalyst. The temperature sensor 35 is connected to the 
control unit 70 and outputs information regarding the 
inner temperature of the CO selective oxidizing unit 34 
to the control unit 70. The control unit 70 controls the 
positions of the valves 16B and 17B based on the input 
information and regulates the amount of the crude fuel 
that circulates through the circumferential portion of the 
CO selective oxidizing unit 34 and thereby cools down 
the CO selective oxidizing unit 34. Regulation of the 
amount of the circulating crude fuel controls the inner 
temperature of the CO selective oxidizing unit 34 within 
a predetermined range. 

The carbon monoxide sensor 40 measures the con- 
centration of carbon monoxide included in the reformed 
gas fed to the CO selective oxidizing unit 34 and has the 
structure shown in Fig. 3. The carbon monoxide sensor 
40 includes an electrolyte membrane 41 , two electrodes 
42 and 44, metal plates 46 and 48, two holders 50 and 
52, and an insulating member 54. The electrolyte mem- 
brane 41 is a proton-conductive membrane composed 
of a polymer electrolyte material, such as a fluororesin. 
The electrodes 42 and 44 are made of a carbon cloth 
with a platinum catalyst or a platinum alloy catalyst sup- 
ported thereon. The electrolyte membrane 41 is inter- 
posed between the surfaces of the electrodes 42 and 44 
with the catalyst incorporated therein to construct a 
sandwich-like structure. The metal plates 46 and 48 are 
meshed metal plates and arranged across the sand- 
wich-like structure for preventing deflection of the sand- 
wich-like structure. The holders 50 and 52 are made of 
a material having the excellent electrical conductivity 
and support the sandwich-like structure and the metal 
plates 46 and 48. The insulating member 54 couples the 
holders 50 and 52 with each other in an electrically insu- 
lating state. The following describes the detailed struc- 
ture of the carbon monoxide sensor 40. 

The holders 50 and 52 respectively have flanges 
50a and 52a projected inward from the cylindrical holder 
structures 50 and 52. The electrolyte membrane 41 , the 
pair of electrodes 42 and 44, and the meshed metal 
plates 46 and 48 are supported by these flanges 50a 
and 52a of the holders 50 and 52. The holder 52 is pro- 
vided with an O-ring 56, which comes into contact with 
the electrolyte membrane 41 and prevents an atmos- 
phere of one electrode from leaking to the other elec- 
trode. The holders 50 and 52 respectively have, on the 
circumferences thereof, outer screw threads 50b and 
52b, which mate and engage with inner screw threads 
54a and 54b formed inside the insulating member 54. 
Engagement of the mating screw threads 50b,52b and 



54a f 54b enables the holders 50 and 52 to connect with 
each other and securely support the sandwich-like 
structure of the electrode 42-electrolyte membrane 41- 
electrode 44 placed therebetween. 

The carbon monoxide sensor 40 further includes a 
conduit member 57 linked with one holder 50 via mating 
screw threads to define a gas inflow conduit 58, which 
leads the reformed gas into the electrode 42. The con- 
duit member 57 is composed of an insulating material 
and screwed to an opening 36a formed in the reformed 
gas supply conduit 36. The other holder 52 does not 
connect with any specific gas conduit, but the electrode 
44 is exposed to the atmosphere. 

The carbon monoxide sensor 40 is also provided 
with an electric circuit 60, which electrically connects 
detection terminals 50T and 52T of the holders 50 and 
52 and measures an electromotive force generated 
between the electrodes 42 and 44. The electric circuit 
60 includes a voltmeter 62 and a resistor 64 for adjust- 
ing the load current. The voltmeter 62 is connected to 
the control unit 70. Connection of the voltmeter 62 is 
determined to give negative polarity to the detection ter- 
minal 50T of the holder 50 on the side of the electrode 
42 exposed to the reformed gas and positive polarity to 
the detection terminal 52T of the holder 52 on the side 
of the electrode 44 exposed to the atmosphere. 

In the carbon monoxide sensor 40, when the 
reformed gas is supplied to the electrode 42, an electro- 
motive force is generated between the electrodes 42 
and 44 via the electrolyte membrane 41 . The voltmeter 
62 in the electric circuit 60 measures this electromotive 
force. The sandwich-like structure of the electrolyte 
membrane 41 and the electrodes 42 and 44 is identical 
with the structure of the unit cell 28 of the polymer elec- 
trolyte fuel cells 20 discussed above. Supply of the 
reformed gas containing carbon monoxide to such a 
structure causes the catalyst to be poisoned by carbon 
monoxide and thereby leads to a decrease in electro- 
motive force. The electromotive force decreases with an 
increase in concentration of carbon monoxide. In this 
embodiment, the relationship between the concentra- 
tion of carbon monoxide and the measurement of the 
voltmeter 62 is examined in advance. The measure- 
ment of the electromotive force then determines the 
concentration of carbon monoxide included in the 
reformed gas. 

In addition to the carbon monoxide sensor 40, the 
gas flow sensor 37 is disposed in the middle of the 
reformed gas supply conduit 36 as shown in Fig. 1 . The 
gas flow sensor 37 measures the flow rate of the 
reformed gas fed to the CO selective oxidizing unit 34 
via the reformed gas supply conduit 36. In this embodi- 
ment, a Doppler sensor is used as the gas flow sensor 
37. Both the gas flow sensor 37 and the carbon monox- 
ide sensor 70 are connected to the control unit 70 and 
output information regarding the measured gas flow 
rate and concentration of carbon monoxide into the con- 
trol unit 70. 
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As mentioned above, the fuel reformer 30 has the 
blower 38. which introduces the oxygen-containing oxi- 
dizing gas (the air in this embodiment) into the reformed 
gas flowing through the reformed gas supply conduit 36 
via the induction pipe 39, which is connected to the 
reformed gas supply conduit 36 and arranged after the 
carbon monoxide sensor 40 and the gas flow sensor 37. 
The blower 38 is also connected to the control unit 70 
and driven in response to a driving signal output from 
the control unit 70. The control unit 70 calculates the 
amount of the oxidizing gas required for oxidizing car- 
bon monoxide in the reformed gas fed to the CO selec- 
tive oxidizing unit 34, based on the input information 
from the gas flow sensor 37 and the carbon monoxide 
sensor 40, and drives the blower 38 according to the 
result of calculation. The reformed gas is accordingly 
mixed with the required amount of oxygen for oxidation 
of carbon monoxide and then fed to the CO selective 
oxidizing unit 34. The supply of the oxidizing gas is reg- 
ulated according to the molar ratio of oxygen to carbon 
monoxide [O^CO]. The reference molar ratio of oxy- 
gen to carbon monoxide [OJ/ICO] was determined 
experimentally. 

The molar ratio is equal to 0.5, provided that the oxi- 
dation reaction of carbon monoxide proceeds ideally. It 
is, however, required to add a greater amount of oxygen 
for the sufficient oxidation reaction of carbon monoxide 
in the carbon monoxide concentration reduction unit 
The excess amount of oxygen causes oxidation of 
hydrogen. The increase in amount of oxygen leads to an 
increase in amount of the air, which undesirably lowers 
the hydrogen partial pressure in the gaseous fuel. The 
amount of oxygen that ensures the sufficient oxidation 
of carbon monoxide was determined experimentally in a 
range that allowed disadvantages due to the increase in 
amount of the air. The supply of oxygen was varied 
while a model gas (H 2 =75%, COs>=24.5%, CO=0.5%) 
was fed to a CO selective oxidizing unit, which had the 
same structure as that of the CO selective oxidizing unit 
34 of this embodiment at a space velocity of 5000 h 1 . 
The favorable molar ratio ranged from 2 to 3. In this 
embodiment, the value *3' was accordingly adopted as 
the molar ratio of oxygen to carbon monoxide. 

Referring back to Fig. 1, the control unit 70 is con- 
structed as an arithmetic and logic circuit with a micro- 
computer. The control unit 70 includes a CPU 72 for 
carrying out a variety of arithmetic and logic operations 
according to preset control programs, a ROM 74, in 
which control programs and control data required for the 
variety of operations carried out by the CPU 72 are 
stored in advance, a RAM 76. which various data 
required for the variety of operations carried out by the 
CPU 72 are temporarily written in and read out, and an 
input/output port 78 that receives detection signals from 
various sensors, such as the voltmeter 62 of the carbon 
monoxide sensor 40 and the gas flow sensor 37, and 
outputs driving signals to the reformer unit 32, the CO 
selective oxidizing unit 34, the blower 38. the carbon 



monoxide sensor 40, and the like based on the results 
of operations carried out by the CPU 72. 

As mentioned above, the CO selective oxidizing 
unit 34 is essential of the present invention. Fig. 4 sche- 

s matically illustrates structure of the CO selective oxidiz- 
ing unit 34 included in the fuel-cells system 10 of the 
first embodiment. The CO selective oxidizing unit 34 
includes a first reaction chamber 80, a second reaction 
chamber 81 . and a third reaction chamber 82. These 

w reaction chambers are filled with the alumina pellets 
with the CO selective oxidizing catalyst, that is, the plat- 
inum catalyst, supported thereon. The first reaction 
chamber 80. the second reaction chamber 81, and the 
third reaction chamber 82 are connected in series in this 

is sequence. A first connection path 36A connects the first 
reaction chamber 80 with the second reaction chamber 
81, whereas a second connection path 36B connects 
the second reaction chamber 81 with the third reaction 
chamber 82. The reformed gas that is subjected to the 

20 selective oxidation reaction of carbon monoxide in the 
upstream reaction chamber is flown into the down- 
stream reaction chambers via the connection paths. 

The CO selective oxidizing unit 34 reduces the con- 
centration of carbon monoxide included in the reformed 

25 gas and supplies the resulting gaseous fuel to the fuel 
cells 20 via the gaseous fuel supply conduit 18. The 
gaseous fuel supply conduit 18 is connected with 
reformed gas discharge conduits 80 A, 81 A, and 82 A, 
which lead the reformed gases discharged from the 

30 respective reaction chambers to the gaseous fuel sup- 
ply conduit 1 8. The reformed gas discharge conduit 80 A 
connects the first connection path 36A with the gaseous 
fuel supply conduit 18. This configuration enables the 
reformed gas containing the reduced concentration of 

35 carbon monoxide by the first reaction chamber 80 not to 
pass through the second reaction chamber 81 and the 
third reaction chamber 82 but to be fed to the gaseous 
fuel supply conduit 18 via the reformed gas discharge 
conduit 80A. In a similar manner, the reformed gas cfis- 

40 charge conduit 81 A connects the second connection 
path 36B with the gaseous fuel supply conduit 18. This 
configuration enables the reformed gas containing the 
more reduced concentration of carbon monoxide by the 
first reaction chamber 80 and the second reaction 

45 chamber 81 not to pass through the third reaction cham- 
ber 82 but to be fed to the gaseous fuel supply conduit 
18 via the reformed gas discharge conduit 81 A. The 
reformed gas discharge conduit 82A connects the third 
reaction chamber 82 with the gaseous fuel supply con- 
st? duit 18. This configuration enables the reformed gas 
containing the most reduced concentration of carbon 
monoxide by the first through the third reaction cham- 
bers 80 through 82 to be fed to the gaseous fuel supply 
conduit 1 8 via the reformed gas discharge conduit 82 A. 

55 The reformed gas discharge conduits 80A, 81 A, 
and 82A are respectively provided with valves 80B, 81 B, 
and 82B. Control of the on/off state of these valves var- 
ies the number of the reaction chambers involved in the 
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oxidation reaction for reducing the concentration of car- 
bon monoxide in the reformed gas. By way of example, 
in case that only the valve 80B is in the open position, 
only the first reaction chamber 80 is used to reduce the 
concentration of carbon monoxide in the reformed gas. 
In case that only the valve 81 B is in the open position, 
the first reaction chamber 80 and the second reaction 
chamber 81 are used to reduce the concentration of 
carbon monoxide in the reformed gas. In case that only 
the valve 82B is in the open position, all the reaction 
chambers 80 through 82 are used to reduce the con- 
centration of carbon monoxide in the reformed gas. All 
the valves 80B, 81 B, and 82B are connected to the con- 
trol unit 70 and controlled on and off in response to the 
driving signals output from the control unit 70. 

The following describes a control procedure of reg- 
ulating the amount of the CO selective oxidizing catalyst 
carried out in the CO selective oxidizing unit 34 of the 
fuel -cells system 10 thus constructed. In the CO selec- 
tive oxidizing unit 34, the change of the on/off state of 
the valves 80B, 81 B, and 82B according to the flow rate 
of the reformed gas varies the number of the reaction 
chambers involved in the selective oxidation reaction for 
reducing the concentration of carbon monoxide and 
regulates the amount of the catalyst used for the selec- 
tive oxidation reaction. The relationship between the 
flow rate of the reformed gas and the amount of the CO 
selective oxidizing catalyst is described first. 

Fig. 5 shows variations in concentration of carbon 
monoxide included in a carbon monoxide-containing, 
hydrogen-rich gas along the direction of a flow of the 
hydrogen-rich gas. In the CO selective oxidizing unit 
having a single reaction chamber filled with the CO 
selective oxidizing catalyst, the hydrogen-rich gas was 
flown through an inlet, subjected to the selective oxida- 
tion reaction for reducing the concentration of carbon 
monoxide, and discharged from an outlet. The meas- 
urement was carried out for the three different flow rates 
of the gas fed to the CO selective oxidizing unit. As 
shown in the graph of Fig. 5, the catalytic function of the 
CO selective oxidizing catalyst gradually decreases the 
concentration of carbon monoxide included in the 
hydrogen-rich gas fed to the CO selective oxidizing unit 
After the conclusion of the oxidation reaction of carbon 
monoxide, the concentration of carbon monoxide rises 
again. The increase in concentration of carbon monox- 
ide is ascribed to evolution of carbon monoxide through 
the reverse shift reaction expressed by Equation (8) dis- 
cussed above. The greater amount of the gas fed to the 
CO selective oxidizing unit shifts the position of conclu- 
sion of the oxidation reaction of carbon monoxide 
toward the outlet. In other words, the smaller amount of 
the gas shifts the position of conclusion of the oxidation 
reaction of carbon monoxide toward the inlet. This is 
because the smaller amount of the gas lowers the 
space velocity and concludes the oxidation reaction of 
carbon monoxide at an earlier stage. The earlier conclu- 
sion of the oxidation reaction of carbon monoxide 



increases the amount of carbon monoxide evolved 
through the subsequent reverse shift reaction and 
results in an insufficient reduction of concentration of 
carbon monoxide. 

5 The structure of this embodiment, on the other 

hand, has the catalyst amount regulation means and 
classifies the amount of the reformed gas that can be 
processed by the CO selective oxidizing unit 34 into 
three ranges (ranges 1 through 3), which correspond to 

io the number of the reaction chambers included in the CO 
selective oxidizing unit 34, as shown in Fig. 6. The 
number of the reaction chambers involved in the selec- 
tive oxidation reaction of carbon monoxide is varied 
according to the flow rate of the reformed gas. In case 

is that the amount of the reformed gas is in the range 1 . 
only the first reaction chamber 80 is activated. In case 
that the amount of the reformed gas is in the range 2, 
the first reaction chamber 80 and the second reaction 
chamber 81 are activated. In case that the amount of 

20 the reformed gas is in the range 3, all the reaction 
chambers 80 through 82 are activated. 

When the fuel reformer 30 starts operation, the 
control unit 70 carries out a routine of regulating the 
amount of the catalyst shown in the flowchart of Fig. 7 

25 at predetermined time intervals, for example, at every 
100 msec in this embodiment. The routine regulates the 
amount of the CO selective oxidizing catalyst used for 
the selective oxidation reaction to be suitable for the 
supply of the reformed gas. 

30 When the program enters the routine of Fig. 7, the 
CPU 72 first reads a flow rate of the reformed gas 
measured by the gas flow sensor 37 at step S100 and 
determines the range corresponding to the input gas 
flow rate at step S1 10. A map representing the relation- 
al ship between the gas flow rate and the range as shown 
in Fig. 6 is stored in advance in the ROM 74. The range 
corresponding to the input gas flow rate is accordingly 
read from the map. 

The CPU 72 then determines the reaction cham- 

40 bers to be activated corresponding to the range at step 
S120, and outputs driving signals to the valves, which 
are arranged down the respective reaction chambers, 
so as to control the on/off state of the valves at step 
S130. This procedure enables the reformed gas to be 

45 fed to only the activated reaction chambers. The pro- 
gram then exits from this routine. 

In the case of the small gas flow rate, the structure 
of the first embodiment discharges the reformed gas 
from the CO selective oxidizing unit 34 at the time of 

so conclusion of the oxidation reaction of carbon monoxide 
and before the progress of the reverse shift reaction. 
This structure sufficiently reduces the concentration of 
carbon monoxide included in the resulting gaseous fuel. 
As discussed previously, in the CO selective oxidizing 

55 unit 34 of this embodiment, the area filled with the CO 
selective oxidizing catalyst is divided into three reaction 
chambers, and the number of the reaction chambers 
involved in the selective oxidation reaction is varied 
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according to the flow rate of the reformed gas. In the 
case of the small gas flow rate, the number of the acti- 
vated reaction chambers is reduced to decrease the 
amount of the CO selective oxidizing catalyst- This ena- 
bles the processed reformed gas to be discharged as 5 
the gaseous fuel from the CO selective oxidizing unit 34 
at the time of conclusion of the oxidation reaction of car- 
bon monoxide and before the progress of the reverse 
shift reaction. In the case of the large gas flow rate, on 
the other hand, the number of the activated reaction w 
chambers is increased to ensure the sufficient amount 
of the catalyst. 

The CO selective oxidizing unit 34 included in the 
fuel-cells system 10 of the first embodiment carries out 
the selective oxidation reaction of carbon monoxide at 
the space velocity that is close to the optimum condi- 
tion, thereby sufficiently reducing the concentration of 
carbon monoxide included in the resulting gaseous fuel. 
The number of the activated reaction chambers, that is, 
the amount of the catalyst involved in the selective oxi- 
dation reaction, is determined according to the flow rate 
of the reformed gas. In case that the amount of the cat- 
alyst is greater than the optimum condition, this struc- 
ture restricts the amount of carbon monoxide evolved by 
the reverse shift reaction to be within an allowable trac- 
ing range. This structure thus effectively prevents the 
concentration of carbon monoxide in the gaseous fuel 
from increasing through the reverse shift reaction. In 
case that the amount of the catalyst is smaller than the 
optimum condition, on the other hand, this structure 
restricts the amount of carbon monoxide that has not 
been oxidized but remains to be within an allowable 
tracing range. 

In the first embodiment, the respective reaction 
chambers are connected in series in the CO selective 
oxidizing unit 34. These reaction chambers may, how- 
ever, be connected in parallel or in any other configura- 
tion. Although the CO selective oxidizing unit 34 of the 
first embodiment has three reaction chambers, the 
number of the reaction chambers may be decreased to 
two or increased to four or more. In this emtxxJment, 
the number of the activated reaction chambers is deter- 
mined, directly based on the flow rate of the reformed 
gas measured by the gas flow sensor 37. The number 
of the activated reaction chambers may alternatively be 
determined, indirectly based on the flow rate of the 
reformed gas. By way of example, the supply of metha- 
nol fed from the methanol tank 1 2 to the fuel reformer 30 
is input, instead of the flow rate of the reformed gas, to 
determine the number of the activated reaction cham- 
bers. The number of the activated reaction chambers 
can be determined, based on any value varying with the 
variation in flow rate of the reformed gas. 

In the CO selective oxidizing unit 34 of the first 
embodiment, the area filled with the CO selective oxidiz- 
ing catalyst is divided into the three separate reaction 
chambers, in order to vary the amount of the catalyst 
used for the selective oxidation reaction. In accordance 



with another possible structure, the CO selective oxidiz- 
ing unit has only one reaction chamber with a plurality of 
openings arranged along the direction of the flow of the 
reformed gas for discharging the gaseous fuel from the 
reaction chamber. This structure is discussed below as 
a second embodiment according to the present inven- 
tion. Fig. 8 shows structure of a CO selective oxidizing 
unit 34A of the second embodiment. The CO selective 
oxidizing unit 34A is incorporated in a fuel-cells system 
10A, which has the same structure as that of the fuel- 
cells system 10 of the first embodiment except the CO 
selective oxidizing unit and is thus not specifically 
described here. 

Referring to Fig. 8. the CO selective oxidizing unit 
34A of the second embodiment has a reaction chamber 
83 filled with a CO selective oxidizing catalyst and 
receives a supply of the reformed gas from the reformer 
unit 32 via the reformed gas supply conduit 36. The 
reaction chamber 83 reduces the concentration of car- 
bon monoxide in the reformed gas and supplies the 
resulting gaseous fuel containing the reduced concen- 
tration of carbon monoxide to the fuel ceils 20 via the 
gaseous fuel supply conduit 18. Like the first embodi- 
ment, the CO selective oxidizing catalyst packed in the 
reaction chamber 83 is the platinum catalyst supported 
on the alumina pellets. 

The CO selective oxidizing unit 34A has reformed 
gas discharge conduits 83A, 84A, and 85A as the struc- 
ture of connecting the reaction chamber 83 with the 
gaseous fuel supply conduit 18. The reformed gas dis- 
charge conduit 83A has an opening end at the position 
apart from an inlet by a distance of approximately one 
third the whole length of the reaction chamber 83. The 
reformed gas discharge conduit 84A has an opening 
end at the position apart from the inlet by a distance of 
approximately two thirds the whole length of the reac- 
tion chamber 83. The reformed gas discharge conduit 
85A has an opening end at the position of an outlet of 
the reaction chamber 83. The other ends of the respec- 
tive reformed gas discharge conduits 83 A, 84 A, 85A are 
open to the gaseous fuel supply conduit 18. The 
reformed gas discharge conduits 83A, 84A, and 85A 
are respectively provided with valves 83B, 84B, and 
85B, which are controlled on and off by the driving sig- 
nals output from the control unit 70. 

The control unit 70 sets only one valve selected 
among the three valves 83B, 84B, 85B to the open posi- 
tion. In case that the valve 83B is in the open position, 
the reformed gas passing through the surface of the cat- 
alyst packed in the area of the first one third of the reac- 
tion chamber 83 is discharged from the reaction 
chamber 83 and fed as the gaseous fuel to the fuel cells 
20. In case that the valve 84B is in the open position, the 
reformed gas passing through the surface of the cata- 
lyst packed in the area of the first two thirds of the reac- 
tion chamber 83 is fed as the gaseous fuel to the fuel 
cells 20. In case that the valve 85B is in the open posi- 
tion, the reformed gas passing through the surface of 
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the whole catalyst packed in the reaction chamber 83 is 
fed as the gaseous fuel to the fuel cells 20. 

In the fueJ-cells system 1 0A of the second embodi- 
ment having the CO selective oxidizing unit 34A thus 
constructed, the control unit 70 carries out a routine of 
regulating the amount of the catalyst, which is similar to 
the routine of the first embodiment shown in Fig. 7. 
based on the flow rate of the reformed gas measured by 
the gas flow sensor 37. In the second embodiment, in 
order to regulate the amount of the catalyst, the CPU 72 
opens the valve 83B when the input flow rate of the 
reformed gas is in the range 1. opens the valve 84B 
when the input flow rate of the reformed gas is in the 
range 2, and opens the valve 85B when the input flow 
rate of the reformed gas is in the range 3. 

Like the CO selective oxidizing unit 34 of the first 
embodiment, the CO selective oxidizing unit 34A of the 
second embodiment carries out the selective oxidation 
reaction of carbon monoxide at the space velocity that is 
close to the optimum condition, thereby sufficiently 
reducing the concentration of carbon monoxide 
included in the resulting gaseous fuel. The area in the 
reaction chamber 83 involved in the selective oxidation 
reaction, that is. the amount of the catalyst used for the 
selective oxidation reaction, is varied according to the 
flow rate of the reformed gas. In case that the amount of 
the catalyst is greater than the optimum condition, this 
structure restricts the amount of carbon monoxide 
evolved by the reverse shift reaction to be within an 
allowable tracing range. In case that the amount of the 
catalyst is smaller than the optimum condition, on the 
other hand, this structure restricts the amount of carbon 
monoxide that has not been oxidized but remains to be 
within an allowable tracing range. In the CO selective 
oxidizing unit 34A of the second embodiment, there are 
three openings for discharging the gaseous fuel from 
the reaction chamber 83 to the gaseous fuel supply con- 
duit 18. Trie number of the openings may, however, be 
decreased to two or increased to four or more. The 
amount of the reformed gas fed to the CO selective oxi- 
dizing unit 34A may be obtained indirectly from another 
value, in the same manner as the first embodiment. 

In the first and the second embodiments, the reac- 
tion chamber included in the CO selective oxidizing unit 
is filled with the pellets having the CO selective oxidizing 
catalyst supported thereon, and the reformed gas fed 
into the CO selective oxidizing unit diffuses through the 
reaction chamber. The amount of the catalyst is accord- 
ingly varied by dividing the reaction chamber and 
switching the outlet of the gaseous fuel. In accordance 
with another possible structure, the reaction chamber is 
made of a honeycomb tube and varies the amount of 
the catalyst by switching the inlet of the reformed gas. In 
the structure having the reaction chamber made of a 
honeycomb tube, the area filled with the CO selective 
oxidising catalyst is divided in parallel to the direction of 
the flow of the reformed gas. The amount of the catalyst 
is varied by changing the number of cells in the honey- 



comb tube, to which the reformed gas is supplied. This 
structure is discussed below as a third embodiment 
according to the present invention. Fig. 9 shows struc- 
ture of a CO selective oxidizing unit 34B of the third 

5 embodiment. The CO selective oxidizing unit 34B of the 
third embodiment has a reaction chamber 86 made of a 
honeycomb tube and a movable mask 87 disposed at 
an inlet of the reaction chamber 86. The CO selective 
oxidizing unit 34B is incorporated in a fuel-cells system 

10 10B, which has the same structure as that of the fuel- 
cells system 10 of the first embodiment except the CO 
selective oxidizing unit and is thus not specifically 
described here. 

The honeycomb tube constituting the reaction 

15 chamber 86 of the CO selective oxidizing unit 34B has a 
plurality of cells with the CO selective oxidizing catalyst, 
that is, the platinum catalyst, supported on the surface 
thereof. The reformed gas introduced into the honey- 
comb tube passes through the surface of the platinum 

20 catalyst on the honeycomb tube. This reduces the con- 
centration of carbon monoxide in the reformed gas. The 
movable mask 87 disposed at the inlet of the reaction 
chamber 86 consists of two impeller-type masks 87A 
shown in Fig. 1 0. Each mask 87A is brought into contact 

25 with the inlet of the honeycomb tube and rotatably sup- 
ported on a rotating shaft (not shown) that is disposed 
on the approximate center of the cross section at the 
inlet of the reaction chamber 86. A specific area of the 
honeycomb tube that is blocked by the movable mask 

30 87 can not receive the supply of the reformed gas. The 
number of cells in the honeycomb tube that can receive 
the supply of the reformed gas is varied by changing the 
overlapping state of the masks 87A. When the two 
masks 87A do not overlap each other at all, the inlet of 

35 the reaction chamber 86 is completely closed (opening 
ratio of 0%). When the two masks 87A completely over- 
lap each other, the maximum number of cells in the hon- 
eycomb tube can receive the supply of the reformed gas 
(opening ratio of 100%). The movable mask 87 is con- 

40 nected to the control unit 70. which outputs a driving 
signal to control the overlapping state of the two masks 
87A. 

The following discusses regulation of the opening 
ratio of the movable mask 87 carried out in the CO 

45 selective oxidizing unit 34B of the third embodiment. In 
the CO selective oxidizing unit 34B of the third embodi- 
ment the opening ratio of the movable mask 87 is regu- 
lated according to the flow rate of the reformed gas 
measured by the gas flow sensor 37, so as to vary the 

so amount of the catalyst used for the selective oxidation 
reaction. Fig. 11 is a graph showing the relationship 
between the flow rate of the reformed gas and the open- 
ing ratio of the movable mask 87, which is stored in the 
control unit 70 of the third embodiment. The regulation 

55 of the amount of the catalyst depends upon this relation- 
ship. 

When the fuel reformer 30 of the third embodiment 
starts operation, the control unit 70 carries out a routine 
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of regulating the amount of the catalyst shown in the 
flowchart of Fig. 12 at predetermined time intervals, for 
example, at every 100 msec in this embodiment. The 
routine regulates the amount of the CO selective oxidiz- 
ing catalyst used for the selective oxidation reaction to 5 
be suitable for the supply of the reformed gas. 

When the program enters the routine of Fig. 12, the 
CPU 72 first reads a flow rate of the reformed gas 
measured by the gas flow sensor 37 at step S200 and 
determines a required mask opening ratio Q corre- 10 
sponding to the input gas flow rate at step S210. As dis- 
cussed above, a map representing the relationship 
between the gas flow rate and the mask opening ratio 
as shown in Fig. 1 1 is stored in advance in the ROM 74. 
The mask opening ratio Q corresponding to the input 15 
gas flow rate is accordingly read from the map. 

The CPU 72 then calculates a difference AQ 
between the required mask opening ratio Q and the 
actual mask opening ratio at step S220 and calculates a 
driving amount of the movable mask 87 required for 20 
increasing or decreasing the mask opening ratio by the 
difference AQ at step S230. At subsequent step S240, 
the CPU 72 outputs a driving signal, which represents 
the driving amount calculated at step S230, to the mov- 
able mask 87. The program then exits from this routine. 25 
The actuation of the movable mask 87 in this manner 
makes the actual opening ratio of the movable mask 87 
equal to the required mask opening ratio Q specified at 
step S210. 

Like the first and the second embodiments, the CO 30 
selective oxidizing unit 34B of the third embodiment car- 
ries out the selective oxidation reaction of carbon mon- 
oxide at the space velocity that is close to the optimum 
condition, thereby sufficiently reducing the concentra- 
tion of carbon monoxide included in the resulting gase- 35 
ous fuel. The structure of the third embodiment varies 
the amount of the catalyst by regulating the continu- 
ously controllable mask opening ratio. Compared with 
the first and the second embodiments, the third embod- 
iment accordingly enables the selective oxidation reac- 40 
tion of carbon monoxide with the amount of the catalyst 
closer to the optimum condition, thus further reducing 
the concentration of carbon monoxide included in the 
gaseous fuel. In accordance with one favorable applica- 
tion, the amount of the catalyst at the opening ratio of 45 
100% is set as the amount of the catalyst that enables 
conclusion of the oxidation reaction of carbon monoxide 
at the outlet of the CO selective oxidizing unit 34B, on 
the assumption that the CO selective oxidizing unit 34B 
receives the maximum flow rate of the reformed gas. so 
Irrespective of the variation in amount of the reformed 
gas subjected to the selective oxidation reaction of car- 
bon monoxide in the CO selective oxidizing unit 34B, 
this structure regulates the amount of the catalyst to the 
optimum level and sufficiently reduces the concerttra- 55 
tion of carbon monoxide included in the resulting gase- 
ous fuel. 

In the third embodiment discussed above, the 



impeller-type masks 87A shown in Fig. 10 are disposed 
at the inlet of the honeycomb tube in order to vary the 
number of cells in the honeycomb tube that receive the 
supply of the reformed gas. The area of the honeycomb 
tube that receives the supply of the reformed gas is var- 
ied by changing the overlapping state of the two masks 
87A. The mechanism of varying the area of the honey- 
comb tube that receives the supply of the reformed gas 
is not restricted to the above structure. For example, any 
mask may be used instead of the impeller-type mask, 
as long as it can block the inlet of the honeycomb tube 
and vary the blocked area. Any equivalent mechanism 
having the same effect as the rotation of the mask may 
also be applicable. 

In the CO selective oxidizing unit 34B of the third 
embodiment the reaction chamber is made of the hon- 
eycomb tube with the catalyst supported on the surface 
thereof. This enables regulation of the amount of the 
catalyst by varying the blocked area of the inlet. Any 
structure that prevents the reformed gas from diffusing 
in directions other than the direction of the gas flow may 
be applied to vary the blocked area of the inlet for regu- 
lation of the amount of the catalyst. Available examples 
include the structure of the third embodiment in which 
the catalyst is supported on the surface of the cells in 
the honeycomb tube, another structure having the cells 
in the honeycomb tube that are filled with the catalyst- 
carrying pellets used in the first and the second embod- 
iments, and still another structure having a plurality of 
reaction pipes filled with the catalyst-carrying pellets 
and arranged in parallel. 

In the structure that prevents the reformed gas from 
diffusing in directions other than the direction of the gas 
flow, division of the introduction system may be applied, 
instead of the mechanism of varying the blocked area of 
the inlet, for regulation of the amount of the catalyst. A 
CO selective oxidizing unit 34C having such a structure 
is shown in Fig. 13 and discussed as a fourth embodi- 
ment according to the present invention. The CO selec- 
tive oxidizing unit 34C of the fourth embodiment 
includes a reaction chamber 88 that is made of a honey- 
comb tube with the platinum catalyst supported on the 
surface thereof. Three reformed gas branch paths 88 A, 
89A, and 90A are arranged between the reformed gas 
supply conduit 36 and the reaction chamber 88. The 
reformed gas branch paths 88A, 89A. and 90A are 
respectively provided with valves 88B, 89B, and 90B. 
The control unit 70 outputs driving signals to control the 
on/off state of these valves 88B, 89B, and 90B. Only the 
cells that are open to the position corresponding to the 
reformed gas branch path with the valve in the open 
position can receive the supply of the reformed gas. 

In a fuel-cells system 10C having the CO selective 
oxidizing unit 34C of the fourth embodiment, during the 
operation of the fuel reformer 30, the control unit 70 car- 
ries out a routine of regulating the amount of the cata- 
lyst, which is equivalent to the routine of the first 
embodiment shown in Fig. 7, at predetermined time 
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intervals. Like the first embodiment, the gas flow rate 
measured by the gas flow sensor 37 is classified into 
the three ranges, that is, the ranges 1 through 3. The 
number of the valves that are set in the open position is 
then regulated according to the range, so as to vary the 5 
amount of the catalyst used for the selective oxidation 
reaction of carbon monoxide. In the fourth embodiment, 
the introduction system of the reformed gas is divided 
for regulating the amount of the catalyst. In accordance 
with another possible structure, a nozzle having a varia- 10 
ble gas injection angle is attached to an end of the 
reformed gas supply conduit 36 that connects with the 
CO selective oxidizing unit. The reformed gas is injected 
at a predetermined angle from the reformed gas supply 
conduit 36 into the honeycomb tube. This structure can 15 
vary the number of cells in the honeycomb tube that 
receive the supply of the reformed gas by changing the 
injection angle of the reformed gas, instead of changing 
the number of the valves that are set in the open posi- 
tion. 20 

In case that the reaction chamber is divided in par- 
allel to the direction of the gas flow, instead of the divi- 
sion of the introduction system like the CO selective 
oxidizing unit 34C of the fourth embodiment, the dis- 
charge system may be divided for regulation of the 25 
amount of the catalyst. A CO selective oxidizing unit 
34D having such a structure is shown in Fig. 14 and dis- 
cussed as a fifth embodiment according to the present 
invention. The CO selective oxidizing unit 34D of the 
fifth embodiment has a reaction chamber 88, which is 30 
identical with the reaction chamber 88 of the fourth 
embodiment. Unlike the fourth embodiment, the inlet of 
the reaction chamber 88 does not connect with the 
branch paths, but gaseous fuel branch paths 88C, 89C, 
and 90C are disposed between the outlet of the reaction 35 
chamber 88 and the gaseous fuel supply conduit 18. 
The gaseous fuel branch paths 88C, 89C, and 90C are 
respectively provided with valves 88D, 89D, and 90 D. 
The control unit 70 outputs driving signals to control the 
on/off state of these valves 88D, 89D, and 90D. Only the 40 
cells that are open to the position corresponding to the 
gaseous fuel branch path with the valve in the open 
position can receive the supply of the reformed gas. 

Like the fourth embodiment, in a fuel-cells system 
10D having the CO selective oxidizing unit 34D of the 45 
fifth embodiment, during the operation of the fuel 
reformer 30, the control unit 70 carries out a routine of 
regulating the amount of the catalyst, which is equiva- 
lent to the routine of the first embodiment shown in Fig. 
7, at predetermined time intervals. Like the first embod- so 
imerrt, the gas flow rate measured by the gas flow sen- 
sor 37 is classified into the three ranges, that is, the 
ranges 1 through 3. The number of the valves that are 
set in the open position is then regulated according to 
the range, so as to vary the amount of the catalyst used 55 
for the selective oxidation reaction of carbon monoxide. 

Like the first embodiment, the CO selective oxidiz- 
ing units 34C and 34D of the fourth and the fifth embod- 
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iments carry out the selective oxidation reaction of 
carbon monoxide at the space velocity that is close to 
the optimum condition, thereby sufficiently reducing the 
concentration of carbon monoxide included in the 
resulting gaseous fuel. The number of cells in the hon- 
eycomb tube that receive the supply of the reformed 
gas, that is, the amount of the catalyst used for the 
selective oxidation reaction, is varied according to the 
flow rate of the reformed gas. In case that the amount of 
the catalyst is greater than the optimum condition, this 
structure restricts the amount of carbon monoxide 
evolved by the reverse shift reaction to be within an 
allowable tracing range. In case that the amount of the 
catalyst is smaller than the optimum condition, on the 
other hand, this structure restricts the amount of carbon 
monoxide that has not been oxidized but remains to be 
within an allowable tracing range. In the CO selective 
oxidizing units 34C and 34D of the fourth and the fifth 
embodiments, the reaction chamber is divided into 
three sections. The number of division may, however, be 
decreased to two or increased to four or more. 

In the first through the fifth embodiments discussed 
above, the reaction chamber with the CO selective oxi- 
dizing catalyst is dividable, and the area of the reaction 
chamber used for the selective oxidation reaction of car- 
bon monoxide is varied according to the flow rate of the 
reformed gas. This structure enables the relationship 
between the flow rate of the reformed gas and the 
amount of the catalyst to approach the optimum condi- 
tion and prevents the concentration of carbon monoxide 
from increasing due to the insufficient oxidation reaction 
of carbon monoxide or the progress of the reverse shift 
reaction. In still another CO selective oxidizing unit 34E 
given as a sixth embodiment according to the present 
invention, an increase in concentration of carbon mon- 
oxide included in the reformed gas is prevented by reg- 
ulating the inner temperature of the CO selective 
oxidizing unit 34E. The CO selective oxidizing unit 34E 
is incorporated in a fuel-cells system 1 0E, which has the 
same structure as that of the fuel-cells system 1 0 of the 
first embodiment and is thus not specifically described 
here. The relationship between the inner temperature of 
the CO selective oxidizing unit and the concentration of 
carbon monoxide in the reformed gas is described first, 
prior to the description of the CO selective oxidizing unit 
34E of the sixth embodiment 

Fig. 15 shows variations in concentration of carbon 
monoxide included in a carbon monoxide-containing, 
hydrogen-rich gas along the direction of a flow of the 
hydrogen-rich gas. In the CO selective oxidizing unit 
filled with the platinum-carrying alumina pellets, the 
hydrogen-rich gas was flown through an inlet, subjected 
to the selective oxidation reaction for reducing the con- 
centration of carbon monoxide, and discharged from an 
outlet. The measurement was carried out at the three 
different temperatures for the selective oxidation reac- 
tion of carbon monoxide under the condition of a fixed 
space velocity. As shown in the graph of Fig. 1 5, the cat- 
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alytic function of the CO selective oxidizing catalyst 
gradually decreases the concentration of carbon mon- 
oxide in the hydrogen-rich gas fed to the CO selective 
oxidizing unit. After the conclusion of the oxidation reac- 
tion of carbon monoxide, the concentration of carbon 
monoxide rises again. The increase in concentration of 
carbon monoxide is ascribed to the reverse shift reac- 
tion expressed by Equation (8) discussed above. The 
following describes the selective oxidation reaction of 
carbon monoxide and the reverse shift reaction against 
the temperature. 

A carbon monoxide-free model gas (H 2 =75%, 
C0 2 =25%) was fed to the CO selective oxidizing unit 
used for the measurement of Fig. 15. and the concen- 
tration of carbon monoxide in the gas discharged from 
the outlet was measured at various temperatures of the 
catalyst The graph of Fig. 16 shows the result of meas- 
urement. Since the model gas is free of carbon monox- 
ide, it is reasonably assumed that carbon monoxide 
included in the discharged gas is all ascribed to the 
reverse shift reaction. In the graph of Fig. 16, the con- 
centration of carbon monoxide in the discharged gas 
increases with a rise in temperature of the catalyst. This 
means that the higher temperature accelerates the 
reverse shift reaction. 

A carbon monoxide-containing model gas 
(CO=0.5%, C02=25%, rV 74 5%) was fed to the CO 
selective oxidizing unit used for the measurement of 
Fig. 16, and the residual ratio of oxygen in the gas dis- 
charged from the outlet was measured at various tem- 
peratures of the catalyst. The graph of Fig. 17 shows 
the result of measurement. The composition of the 
model gas is substantially identical with the composition 
of the reformed gas that is obtained through the metha- 
nol reforming reaction in a reformer unit, which is equiv- 
alent to the reformer unit 32 incorporated in the fuel- 
cells system 10E. In order to make the conditions of the 
experiment approach the actual driving state of the fuel- 
cells system 1 0E, the model gas was moistened at 60°C 
with a bubbler- This made the state of the model gas 
similar to the state of the reformed gas produced by 
steam reforming. The model gas was mixed with the air 
containing a specific amount of oxygen to realize the 
molar ratio of [02J/[CO]=3 and subsequently fed to the 
CO selective oxidizing unit The residual ratio of oxygen 
represents the value of [concentration of O2 in dis- 
charged gas]/[concentration of O2 in supplied gas]. 
Oxygen in the supplied gas is mostly used for the oxida- 
tion reaction of carbon monoxide. The residual ratio of 
oxygen accordingly represents the activity for the selec- 
tive oxidation reaction of carbon monoxide. As shown in 
the graph of Fig. 17, the residual ratio of oxygen 
decreases with an increase in temperature of the cata- 
lyst This means that the activity for oxidation of carbon 
monoxide increases with a rise in temperature. 

As discussed above, both the reverse shift reaction 
and the selective oxidation reaction of carbon monoxide 
have higher activities at the higher temperature of the 



catalyst. Under the condition of the normal driving tem- 
perature of the CO selective oxidizing unit, the selective 
oxidation reaction of carbon monoxide has a signifi- 
cantly higher reaction rate than the reverse shift reac- 

5 tion. This leads to the results shown in the graph of Fig. 
15. The higher inner temperature of the CO selective 
oxidizing unit results in earlier conclusion of the selec- 
tive oxidation reaction of carbon monoxide. After the oxi- 
dation reaction of carbon monoxide is concluded and 

10 oxygen is used up, the higher inner temperature of the 
CO selective oxidizing unit accelerates the reverse shift 
reaction to produce a greater amount of carbon monox- 
ide. Namely the lower inner temperature of the CO 
selective oxidizing unit shifts the position of conclusion 

15 of the oxidation reaction of carbon monoxide toward the 
outlet whereas the higher inner temperature shifts the 
position of conclusion of the oxidation reaction of car- 
bon monoxide toward the inlet. 

The CO selective oxidizing unit 34E of the sixth 

20 embodiment takes advantage of the characteristics dis- 
cussed above. The inner temperature of the CO selec- 
tive oxidizing unit 34E is regulated according to the 
supply of the reformed gas, in order to shift the position 
of conclusion of the oxidation reaction of carbon monox- 

25 ide toward the outlet. This structure effectively reduces 
the amount of carbon monoxide remaining without oxi- 
dation as well as the amount of carbon monoxide pro- 
duced by the reverse shift reaction. The carbon 
monoxide-containing model gas used for the measure- 

30 ment of Fig. 17 was fed to the CO selective oxidizing 
unit having the same structure as that of the CO selec- 
tive oxidizing unit 34E of the sixth embodiment. The 
temperature of the catalyst that set the position of con- 
clusion of the oxidation reaction of carbon monoxide to 

35 the outlet of the CO selective oxidizing unit was meas- 
ured for the various supplies of the reformed gas. The 
graph of Fig. 18 shows the result of measurement In 
the fuel-cells system 10E of the sixth embodiment, the 
result shown in Fig. 18 is stored in the control unit 70 

40 and used for regulating the inner temperature of the CO 
selective oxidizing unit 34E according to the flow rate of 
the reformed gas. The following discusses the process 
of regulating the inner temperature of the CO selective 
oxidizing unit 34E. Fig. 19 is a flowchart showing a cat- 

45 alyst temperature control routine carried out to regulate 
the inner temperature of the CO selective oxidizing unit 
34E. 

When the fuel reformer 30 of the sixth embodiment 
starts operation, the control unit 70 carries out the cata- 

50 lyst temperature control routine shown in the flowchart 
of Fig. 19 at predetermined time intervals, for example, 
at every 100 msec in this embodiment The routine reg- 
ulates the inner temperature of the CO selective oxidiz- 
ing unit 34E to be suitable for the supply of the reformed 

55 gas. 

When the program enters the routine of Fig. 19, the 
CPU 72 first reads a flow rate of the reformed gas 
measured by the gas flow sensor 37 at step S300 and 
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determines the inner temperature of the CO selective 
oxidizing unit 34E corresponding to the input gas flow 
rate at step S3 10. As mentioned previously, a map rep- 
resenting the relationship between the gas flow rate and 
the catalyst temperature as shown in Fig. 18 is stored in 
advance in the ROM 74. The inner temperature of the 
CO selective oxidizing unit 34E corresponding to the 
input gas flow rate is accordingly read from the map. 

The CPU 72 subsequently calculates a required 
position of the valve 16B corresponding to the inner 
temperature of the CO selective oxidizing unit 34E at 
step S320. As discussed previously, the inner tempera- 
ture of the CO selective oxidizing unit 34E depends 
upon the flow rate of the crude fuel consisting of metha- 
nol and water and passing through the first branch path 
16. A concrete procedure of step S320 thus determines 
the position of the valve 16B corresponding to the 
required flow rate of the crude fuel that makes the inner 
temperature of the CO selective oxidizing unit 34E 
equal to the temperature specified at step S3 10. The 
CPU 72 then calculates a difference between the 
required position of the valve 16B obtained at step S320 
and the actual position of the valve 16B at step S330, 
and calculates a driving amount of the valve 16B 
required for increasing or decreasing the position of the 
valve 1 6B by the calculated difference at step S340. At 
subsequent step S350, the CPU 82 outputs a driving 
signal, which represents the driving amount calculated 
at step S340, to the valve 16B. The program then exits 
from this routine. The actuation of the valve 16B in this 
manner makes the inner temperature of the CO selec- 
tive oxidizing unit 34E equal to the suitable temperature 
specified at step S310. 

In the CO selective oxidizing unit 34E of the sixth 
embodiment, the inner temperature of the CO selective 
oxidizing unit 34E is regulated according to the flow rate 
of the reformed gas. in order to enable conclusion of the 
selective oxidation reaction of carbon monoxide in the 
vicinity of the outlet of the CO selective oxidizing unit 
34E. This structure enables sufficient oxidation reaction 
of carbon monoxide and depresses the reverse shift 
reaction, thereby sufficiently reducing the concentration 
of carbon monoxide included in the resulting gaseous 
fuel. 

The first through the sixth embodiments discussed 
above regulate either the amount of the CO selective 
oxidizing catalyst or the temperature of the catalyst 
based on the flow rate of the reformed gas measured by 
the gas flow sensor 37. In the actual state, however, the 
concentration of carbon monoxide in the discharged 
gas is affected by not only the flow rate of the supplied 
gas but the concentration of carbon monoxide in the 
supplied gas. Namely the absolute amount of carbon 
monoxide included in the supplied gas determines the 
optimum amount of the catalyst and the optimum tem- 
perature of the catalyst. When a variation in concentra- 
tion of carbon monoxide included in the reformed gas 
fed from the reformer unit 32 is expected with a variation 



in loading under the expected driving conditions of the 
fuel-cells system, it is desirable to carry out the above 
control based on the concentration of carbon monoxide 
in the reformed gas measured by the carbon monoxide 

s sensor 40 as well as on the flow rate of the reformed 
gas measured by the gas flow sensor 37. In case that 
the variation in concentration of carbon monoxide in the 
reformed gas is within an allowable range, the control 
may be carried out only based on the measured flow 

io rate of the reformed gas. 

In the structure of the sixth embodiment, the inner 
temperature of the CO selective oxidizing unit 34E is 
regulated according to the flow rate of the reformed gas. 
In accordance with another possible application, the 

15 inner temperature of the CO selective oxidizing unit may 
be regulated according to the variation in concentration 
of carbon monoxide in the CO selective oxidizing unit, 
instead of the flow rate of the reformed gas. This struc- 
ture is discussed below as a seventh embodiment 

20 according to the present invention. Fig. 20 shows struc- 
ture of a CO selective oxidizing unit 34F of the seventh 
embodiment The CO selective oxidizing unit 34F is 
incorporated in a fuel-cells system 10F, which has the 
same structure as that of the fuel-cells system 1 0 of the 

25 first embodiment and is thus not specifically described 
here. 

The CO selective oxidizing unit 34F of the seventh 
embodiment has a reaction chamber 91 filled with the 
platinum catalyst-carrying alumina pellets and carbon 

30 monoxide sensors 92 and 93 inserted into the reaction 
chamber 91. The carbon monoxide sensors 92 and 93 
have the same structure as that of the carbon monoxide 
sensor 40 discussed above. The reformed gas passing 
through the CO selective oxidizing unit 34F is fed to the 

35 electrode 42 in each carbon monoxide sensor 92 or 93, 
and the concentration of carbon monoxide in the 
reformed gas is measured at the respective positions of 
the carbon monoxide sensors 92 and 93. The carbon 
monoxide sensor 93 is positioned at the outlet of the 

40 reaction chamber 91 , and the carbon monoxide sensor 
92 is positioned closer to the inlet of the reaction cham- 
ber 91. 

The carbon monoxide sensor 93 set at the outlet of 
the reaction chamber 91 measures the concentration of 

45 carbon monoxide included in the gas discharged from 
the CO selective oxidizing unit 34R This measurement, 
however, does not tell whether the high concentration of 
carbon monoxide in the discharged gas is ascribed to 
the insufficient oxidation reaction of carbon monoxide or 

so to the reverse shift reaction occurring after conclusion of 
the oxidation reaction. In the CO selective oxidizing unit 
34F of the seventh embodiment, another carbon mon- 
oxide sensor 92 is installed at a position other than the 
outlet of the reaction chamber 91. This configuration 

55 determines whether the high concentration of carbon 
monoxide in the discharged gas should be ascribed to 
the insufficient oxidation reaction of carbon monoxide or 
to the reverse shift reaction. In case that the measure- 



19 



37 



EP 0 833 401 A2 



38 



ment of the carbon monoxide sensor 92 is greater than 
the measurement of the carbon monoxide sensor 93 at 
the outlet, that is, when the concentration of carbon 
monoxide decreases toward the outlet, carbon monox- 
ide in the discharged gas is ascribed to the insufficient 
oxidation reaction of carbon monoxide. In case that the 
measurement of the carbon monoxide sensor 92 is 
smaller than the measurement of the carbon monoxide 
sensor 93 at the outlet, on the other hand, that is, when 
the concentration of carbon monoxide increases toward 
the outlet, carbon monoxide in the discharged gas is 
ascribed to the reverse shift reaction. In the case of the 
insufficient oxidation reaction of carbon monoxide, the 
control increases the temperature in the reaction cham- 
ber 91 . In the case of the progress of the reverse shrft 
reaction, on the contrary, the control decreases the tem- 
perature in the reaction chamber 91 . Ibis structure ena- 
bles an approach to the desired condition that makes 
conclusion of the oxidation reaction of carbon monoxide 
at the outlet of the reaction chamber 91 . 

The following describes the process of regulating 
the inner temperature of the CO selective oxidizing unit 
34F based on the variation in concentration of carbon 
monoxide included in the reformed gas passing through 
the reaction chamber 91 . Fig. 21 is a flowchart showing 
a catalyst temperature control routine carried out to reg- 
ulate the inner temperature of the CO selective oxidizing 
unit34F. 

When the fuel reformer 30 of the seventh embodi- 
ment starts operation, the control unit 70 carries out the 
catalyst temperature control routine shown in the flow- 
chart of Fig. 21 at predetermined time intervals, for 
example, at every 100 msec in this embodiment. The 
routine regulates the inner temperature of the CO selec- 
tive oxidizing unit 34F to sufficiently reduce the concen- 
tration of carbon monoxide in the reformed gas. 

When the program enters the routine of Fig. 21 , the 
CPU 72 f irst reads concentrations D1 and D2 of carbon 
monoxide in the reformed gas measured by the carbon 
monoxide sensors 92 and 93 at step S400. Among the 
input concentrations of carbon monoxide, the concen- 
tration D2 at the outlet of the reaction chamber 91 is 
compared with a preset reference value DO at step 
S410. In case that the input concentration D2 is smaller 
than the reference value DO. the program determines 
that the current temperature in the reaction chamber 91 
can sufficiently reduce the concentration of carbon 
monoxide and exits from this routine. 

When the input concentration D2 is not smaller than 
the reference value DO at step S410, on the contrary, 
the concentration D2 is further compared with another 
input concentration D1 at step S420. In case that D1 is 
greater than D2. the program determines that the oxida- 
tion reaction of carbon monoxide in the reaction cham- 
ber 91 is insufficient and proceeds to step S440 to 
output a driving signal to the valve 16B in order to 
decrease the position of the valve 16B by AS2. This pro- 
cedure decreases the flow rate of the crude fuel circulat- 



ing through the circumferential portion of the CO 
selective oxidizing unit 34F for heat exchange, thus 
increasing the temperature in the reaction chamber 91 
by a predetermined amount In case that D1 is not 

5 greater than D2, on the other hand, the program deter- 
mines that the excess reverse shift reaction occurs in 
the reaction chamber 91 and proceeds to step S430 to 
output a driving signal to the valve 16B in order to 
increase the position of the valve 16B by AS1 . This pro- 

w cedure increases the flow rate of the crude fuel circulat- 
ing through the circumferential portion of the CO 
selective oxidizing unit 34F for heat exchange, thus 
decreasing the temperature in the reaction chamber 91 
by a predetermined amount. 

15 After outputting a driving signal to the valve 16B to 
increase or decrease the inner temperature of the CO 
selective oxidizing unit 34F, the CPU 72 again reads the 
concentrations D1 and D2 of carbon monoxide in the 
reformed gas measured by the carbon monoxide sen- 

20 sors 92 and 93 at step S450. The input concentration 
D2 is again compared with the reference value DO at 
step S460. In case that the input concentration D2 is 
smaller than the reference value DO. the program deter- 
mines that the inner temperature of the reaction cham- 

25 ber 91 is suitable for sufficient reduction of the 
concentration of carbon monoxide, and exits from this 
routine. 

In case that the input concentration D2 is not 
smaller than the reference value DO at step S460, on 
30 the other hand, the prog/am returns to step S420 to 
compare D1 with D2 and outputs a driving signal to the 
valve 16B based on the result of comparison, in order to 
make the concentration D2 smaller than the reference 
value DO. 

35 As discussed above, the position of the valve 1 6B is 
increased by AS1 or decreased by AS2 to vary the inner 
temperature of the reaction chamber 91 . These values 
AS1 and AS2 are determined by taking into account a 
delay between a change in flow rate of the crude fuel 

40 and an actual variation in inner temperature of the reac- 
tion chamber 91, based on the response of the inner 
temperature of the reaction chamber 91 against the 
change in flow rate of the crude fuel. In this embodi- 
ment, the values AS1 and AS2 are set to enable an 

45 increase or decrease in position of the valve 16B by AS1 
or by AS2 to decrease or increase the inner temperature 
of the reaction chamber 91 by approximately 5°C. 

In the CO selective oxidizing unit 34F of the seventh 
embodiment, when the concentration of carbon monox- 

so ide in the gas discharged from the CO selective oxidiz- 
ing unit 34F is not sufficiently reduced, the inner 
temperature of the CO selective oxidizing unit 34F is 
regulated according to the variation in concentration of 
carbon monoxide in the reaction chamber 91. This 

55 structure quickly controls the inner temperature of the 
CO selective oxidizing unit 34F to a desired level and 
enables conclusion of the oxidation reaction of carbon 
monoxide in the vicinity of the outlet of the reaction 
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chamber 91. The structure of the seventh embodiment 
thus significantly reduces the concentration of carbon 
monoxide in the gas discharged from the CO selective 
oxidizing unit 34R 

In the CO selective oxidizing unit 34F of the seventh 5 
embodiment, the carbon monoxide sensors are 
installed at the outlet and the upstream position of the 
reaction chamber. In accordance with one possible 
application, a plurality of carbon monoxide sensors may 
be installed at other positions. Measurement of the con- w 
centration of carbon monoxide at a plurality of arbitrary 
positions gives the slope of a variation in concentration 
of carbon monoxide in the reaction chamber. This ena- 
bles estimation of the concentration of carbon monoxide 
at the outlet as well as the reducing state of carbon is 
monoxide. Like the structure of the seventh embodi- 
ment, this structure also enables the temperature con- 
trol of the CO selective oxidizing unit based on the result 
of estimation. The structure of the seventh embodiment 
having one carbon monoxide sensor positioned at the 20 
outlet of the reaction chamber directly shows the con- 
centration of carbon monoxide in the gas discharged 
from the CO selective oxidizing unit, thus allowing the 
control with higher accuracy. 

In the CO selective oxidizing units of the first 25 
through the seventh embodiments, platinum is used as 
the CO selective oxidizing catalyst. Other catalysts may 
be applicable as long as they have sufficient catalytic 
activity for selective oxidation of carbon monoxide. 
Available metals other than platinum include ruthenium, 30 
palladium, rhodium, gold, copper, and nickel. One or a 
plurality of metals may be selected among these 
options and supported on a predetermined support. 
Examples of the available support other than alumina 
used in the above embodiments include zirconia, iron 35 
oxides, zinc oxide, titanium oxides, cobalt oxides, zeo- 
lites, silicon oxides, tin oxides, and magnesium oxide. 
One or a combination of these oxides may be used as 
the support. The suitable reaction temperature is deter- 
mined according to the selected combination of the 40 
metal catalyst and the support 

In the first through the seventh embodiments dis- 
cussed above, the control procedure regulates the 
amount of the catalyst or the temperature of the cata- 
lyst, in order to enable conclusion of the selective oxida- 45 
tion reaction of carbon monoxide in the vicinity of the 
outlet of the CO selective oxidizing unit and depress the 
progress of the reverse shift reaction. Another possible 
structure consumes carbon monoxide produced 
through the reverse shift reaction, so as to reduce the so 
concentration of carbon monoxide included in the 
reformed gas discharged from the fuel reformer 30. A 
structure discussed below as an eighth embodiment 
according to the present invention methanizes carbon 
monoxide included in the reformed gas in order to ss 
reduce the concentration of carbon monoxide in the 
reformed gas. 

Fig. 22 is a block diagram illustrating structure of a 



fuel-cells system 10G of the eighth embodiment. The 
fuel-cells system 10G has a methanization unit 94 
arranged down the CO selective oxidizing unit 34, in 
addition to the constituents of the fuel-cells system 1 0 of 
the first embodiment. The methanization unit 94 is filled 
with alumina pellets having a methanization catalyst, for 
example, a ruthenium catalyst, supported thereon. In 
the fuel-cells system 10G of the eighth embodiment, the 
reformed gas discharged from the CO selective oxidiz- 
ing unit 34 is subjected to the methanization reaction of 
carbon monoxide in the methanization unit 94, before 
being supplied as the gaseous fuel to the fuel cells 20. 
A gas flow sensor 37B and a carbon monoxide sensor 
40B are disposed in the middle of a flow path for feeding 
the reformed gas from the CO selective oxidizing unit 34 
to the methanization unit 94. These sensors 37B and 
40B have the same structures as those of the gas flow 
sensor 37 and the carbon monoxide sensor 40 
arranged up the CO selective oxidizing unit 34, and out- 
put detection signals to the control unit 70. 

Like the CO selective oxidizing unit 34. the metha- 
nization unit 94 has a flow path in a circumferential por- 
tion thereof, through which the crude fuel consisting of 
methanol and water flows. The flow path is part of a sec- 
ond branch path 19. The crude fuel supply conduit 17 
branches off to the second branch path 19 at the same 
position as branching off to the first branch path 1 6. The 
methanization reaction of carbon monoxide proceeding 
in the methanization unit 94 is exothermic. Like in the 
CO selective oxidizing unit 34, circulation of the crude 
fuel in the methanization unit 94 cools down the metha- 
nization unit 94 and keeps the inner temperature of the 
methanization unit 94 within an effective temperature 
range suitable for the methanization reaction. The sec- 
ond branch path 19 branching off from the crude fuel 
supply conduit 17 is provided with a valve 19B. Control 
of the position of the valve 1 9B varies the flow rate of the 
crude fuel, thus regulating the inner temperature of the 
methanization unit 94. 

The methanization reaction expressed by Equation 
(9) below proceeds in the methanization unit 94 to 
methanize carbon monoxide: 

CO + 3H 2 ->CH 4 +H20 (9) 

The graph of Fig. 23 shows the relationship 
between the methanization reaction and the tempera- 
ture measured with a model gas. A model gas (concen- 
tration of CO in H 2 gas = 1 000 ppm) was fed at a space 
velocity of 5000 h 1 to a methanization unit (volume of 
catalyst = 10 ml) having the same structure as that of 
the methanization unit 94, and the concentration of car- 
bon monoxide and the concentration of methane 
included in the gas discharged from the methanization 
unit were measured for various temperatures of the cat- 
alyst. The result shows that the activity for the methani- 
zation reaction expressed by Equation (9) increases 
with a rise in temperature of the catalyst. In the actual 
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methanization unit 94, the methanization reaction of 
carbon dioxide expressed by Equation (10) given below 
proceeds, in addition to the methanization reaction of 
carbon monoxide expressed by Equation (9): 

C0 2 + 4H 2 -> CH 4 + 2H 2 0 (10) 

The activity for the methanization reaction of car- 
bon dioxide also increases with a rise in temperature of 
the catalyst. These methanization reactions consume 
hydrogen in the reformed gas simultaneously with pro- 
duction of methane. In order to prevent a decrease in 
hydrogen partial pressure of the gaseous fuel fed to the 
fuel cells 20. it is desirable to set the temperature of the 
methanization catalyst as low as possible in a specific 
range that enables sufficient methanization of carbon 
monoxide. The graph of Fig. 24 shews the critical value 
(optimum value) of the catalyst temperature, which ena- 
bles sufficient methanization of carbon monoxide but 
restricts a decrease in hydrogen partial pressure within 
an allowable range, plotted against the concentration of 
carbon monoxide varied in a predetermined range. In 
the fuel-cells system 10G of the eighth embodiment, a 
map shown in Fig. 24 is stored in the control unit 70. In 
the actual state, the optimum value of the catalyst tem- 
perature depends upon not only the concentration of 
carbon monoxide in the reformed gas but the flow rate 
of the reformed gas. The map stored in the control unit 
70 accordingly represents the curve of optimum value of 
the catalyst temperature over the whole range of the 
concentration of carbon monoxide in the reformed gas 
and the flow rate of the reformed gas under the 
expected driving conditions- The inner temperature of 
the methanization unit 94 is controlled, based on the 
detection signals input from the gas flow sensor 37B 
and the carbon monoxide sensor 40B and the map rep- 
resenting the optimum value of the catalyst tempera- 
ture. 

The optimum temperature range for the selective 
oxidation reaction of carbon monoxide in the CO selec- 
tive oxidizing unit 34 filled with the platinum catalyst is 
100 to 160°C. This temperature range is included in the 
temperature range of Fig. 23, in which the methaniza- 
tion catalyst functions effectively- The simple circulation 
of the crude fuel through the methanization unit 94, in 
which the exothermic reaction proceeds, for heat 
exchange thus enables effective temperature control. 
The flow rate of the crude fuel is increased to lower the 
inner temperature of the methanization unit 94. The flow 
rate of the crude fuel is decreased, on the other hand, to 
raise the inner temperature of the methanization unit 94 
by utilizing the heat produced through the exothermic 
methanization reaction. 

The following describes the process of regulating 
the inner temperature of the methanization unit 94. Fig. 
25 is a flowchart showing a methanization catalyst tem- 
perature control routine carried out to regulate the inner 
temperature of the methanization unit 94. 



When the fuel reformer 30 of the eighth embodi- 
ment starts operation, the control unit 70 carries out the 
methanization catalyst temperature control routine 
shown in the flowchart of Fig. 25 at predetermined time 

5 intervals, for example, at every 1 00 msec in this embod- 
iment. The routine regulates the inner temperature of 
the methanization unit 94 to be suitable for the supply of 
the reformed gas and the concentration of carbon mon- 
oxide in the reformed gas. 

w When the program enters the routine of Fig. 25, the 
CPU 72 first reads a flow rate of the reformed gas 
measured by the gas flow sensor 37B at step S500 and 
reads a concentration of carbon monoxide in the 
reformed gas measured by the carbon monoxide sensor 

15 40B at step S510. The CPU 72 then determines the 
inner temperature of the methanization unit 94 corre- 
sponding to the input gas flow rate and the input con- 
centration of carbon monoxide at step S520. As 
mentioned above, the curve of optimum value of the cat- 

20 alyst temperature over the whole range of the concen- 
tration of carbon monoxide in the reformed gas and the 
flow rate of the reformed gas is stored in advance as a 
map in the ROM 74. The inner temperature of the meth- 
anization unit 94 corresponding to the input data is 

25 accordingly read from the map. 

At subsequent step S530, the CPU 72 calculates a 
required position of the valve 19B to realize the inner 
temperature of the methanization unit 94 specified at 
step S520. As discussed previously, the inner tempera- 

30 ture of the methanization unit 94 depends upon the flow 
rate of the crude fuel consisting of methanol and water 
and passing through the second branch path 1 9. A con- 
crete procedure of step S530 thus determines the posi- 
tion of the valve 19B corresponding to the required flow 

35 rate of the crude fuel that makes the inner temperature 
of the methanization unit 94 equal to the temperature 
specified at step S520- The program then proceeds to 
step S540 to calculate a difference between the actual 
position of the valve 1 9B and the required position of the 

40 valve 1 9B obtained at step S530. The CPU 72 then cal- 
culates a driving amount of the valve 19B required for 
increasing or decreasing the position of the valve 19B 
by the calculated difference at step S550. At subse- 
quent step S560, the CPU 72 outputs a driving signal, 

45 which represents the driving amount calculated at step 
S550, to the valve 19B. The program then exits from this 
routine. The actuation of the valve 19B in this manner 
makes the inner temperature of the methanization unit 
94 equal to the suitable temperature specified at step 

so S520. 

In the fuel-cells system 10G of the eighth embodi- 
ment, the reformed gas containing the reduced concen- 
tration of carbon monoxide is fed from the CO selective 
oxidizing unit 34 to the methanization unit 94. which 
55 methanizes carbon monoxide remaining in the reformed 
gas and feeds the gaseous fuel containing an extremely 
low concentration of carbon monoxide to the fuel cells 
20. Even when the CO selective oxidizing unit can not 
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sufficiently lower the concentration of carbon monoxide 
in the reformed gas due to the insufficient oxidation 
reaction of carbon monoxide or the excess progress of 
the reverse shift reaction, the methanization unit suffi- 
ciently reduces the concentration of carbon monoxide in 
the resulting gaseous fuel. In the structure of the eighth 
enibodiment, the methanization unit 94 is separate from 
the CO selective oxidizing unit 34. This structure ena- 
bles the CO selective oxidizing unit 34 and the methani- 
zation unit 94 to be controlled to the respective optimum 
temperatures, thereby realizing the selective oxidation 
reaction of carbon monoxide and the methanization 
reaction at extremely high efficiencies. 

In the eighth embodiment, the methanization cata- 
lyst, that is. the ruthenium catalyst, is supported on the 
alumina pellets. The methanization catalyst may alter- 
natively be supported on the surface of a base member, 
such as a honeycomb tube. Although the CO selective 
oxidizing unit 34 of the first embodiment is incorporated 
in the fuel-cells system 10G of this embodiment, any 
one of the CO selective oxidizing units of the second 
through the seventh embodiments may be used 
instead. 

In the fuelK;ells system 10G of the eighth embodi- 
ment, the methanization unit 94 is arranged after the 
CO selective oxidizing unit 34. Another possible struc- 
ture may carry out the methanization reaction of carbon 
monoxide simultaneously with the selective oxidation 
reaction of carbon monoxide. Such a structure is dis- 
cussed below as a ninth embodiment according to the 
present invention. Fig. 26 shows structure of a CO 
selective oxidizing unit 34H of the ninth embodiment 
The CO selective oxidizing unit 34H is filled with the alu- 
mina pellets having the CO selective oxidizing catalyst, 
for example, the platinum catalyst, supported thereon 
as well as with the alumina pellets having the methani- 
zation catalyst, for example, the ruthenium catalyst, 
supported thereon. The CO selective oxidizing unit 34H 
is incorporated in a fuel-cells system 10H, which has 
the same structure as that of the fuel-cells system 10 of 
the first embodiment and is thus not specifically 
described here. 

As discussed previously, the methanization cata- 
lyst, that is. ruthenium, shows the effective methaniza- 
tion activity at the temperatures of not lower than 1 00°C, 
whereas the optimum temperature of the CO selective 
oxidizing catalyst that is. platinum, ranges from 100 to 
160°C. Only the temperature control for the selective 
oxidation reaction of carbon monoxide carried out in the 
structure of the sixth embodiment enables the methani- 
zation reaction to simultaneously proceed in the CO 
selective oxidizing unit 34H at a sufficient efficiency. 
Like in the CO selective oxidizing unit 34E of the sixth 
errioodiment, in the CO selective oxidizing unit 34H of 
the ninth embodiment, the temperature of the CO selec- 
tive oxidizing catalyst, that is, the inner temperature of 
the CO selective oxidizing unit 34H, is determined 
according to the flow rate of the reformed gas. As dis- 



cussed in the first through the fifth embodiments, the 
reaction chamber of the CO selective oxidizing unit may 
be divided into a plurality of sections, and the amount of 
the CO selective oxidizing catalyst mixed with the meth- 

5 anization catalyst may be regulated, for example, 
according to the flow rate of the reformed gas. When the 
reaction chamber is made of a honeycomb tube as dis- 
cussed in the third through the f ifth embodiments, plati- 
num and ruthenium are supported at a predetermined 

10 proportion on the surface of the honeycomb tube in the 
CO selective oxidizing unit 34H. 

The CO selective oxidizing unit 34H of the ninth 
embodiment carries out the methanization reaction of 
carbon monoxide simultaneously with the selective oxi- 

15 dation reaction of carbon monoxide. This structure fur- 
ther reduces the concentration of carbon monoxide 
through the methanization reaction, so that the resulting 
gaseous fuel has an extremely low concentration of car- 
bon monoxide. 

20 In the CO selective oxidizing unit 34H shown in Fig. 
26. the CO selective oxidizing catalyst and the methani- 
zation catalyst are mixed homogeneously. In accord- 
ance with another preferable structure, the proportion of 
the methanization catalyst is heightened at the outlet of 

25 the CO selective oxidizing unit Fig. 27 shows a CO 
selective oxidizing unit 34I of this structure. The CO 
selective oxidizing unit 34I is filled with the alumina pel- 
lets having the platinum catalyst supported thereon as 
well as with the alumina pellets having the ruthenium 

30 catalyst supported thereon like the CO selective oxidiz- 
ing unit 34H, but the proportion of the alumina pellets 
with the ruthenium catalyst supported thereon 
increases toward the outlet of the CO selective oxidizing 
unit34l. 

35 The CO selective oxidizing unit 34! has only one 
reaction chamber filled with the pellets having the cata- 
lysts supported thereon. As discussed in the first 
through the fifth embodiments, the reaction chamber of 
the CO selective oxidizing unit may be divided into a 

40 plurality of sections, and the proportion of the methani- 
zation catalyst may be heightened at the outlet of each 
reaction chamber. When the reaction chamber is made 
of a honeycomb tube as discussed in the third through 
the fifth embodiments, the proportion of ruthenium to 

45 platinum is heightened on the surface of the honeycomb 
tube in the vicinity of the outlet thereof. 

This structure effectively consumes carbon monox- 
ide that is left by the insufficient selective oxidation reac- 
tion of carbon monoxide or is produced by the reverse 

so shift reaction proceeding after the conclusion of the 
selective oxidation reaction of carbon monoxide. In the 
CO selective oxidizing unit 34I, the proportion of the 
methanization catalyst increases toward the outlet of 
the reaction chamber. In the area where the selective 

55 oxidation reaction of carbon monoxide sufficiently pro- 
ceeds, this structure restricts the activity for the metha- 
nization reaction and thereby limits the amount of 
hydrogen consumed by the methanization reaction. 



23 



45 

Although ruthenium is used as the methanization 
catalyst in the eighth and the ninth embodiments dis- 
cussed above, another catalyst, such as nickel, may be 
applied for the methanization catalyst. As mentioned 
above, the CO selective oxidizing catalyst is also not 
limited to platinum. In accordance with another prefera- 
ble structure, one catalyst has both the activities for 
selective oxidation of carbon monoxide and methaniza- 
tion of carbon monoxide and can accelerate the selec- 
tive oxidation reaction of carbon monoxide 
simultaneously with the methanization reaction of car- 
bon monoxide. This structure is discussed below as a 
tenth embodiment according to the present invention. 

A CO selective oxidizing unit 34J of the tenth 
embodiment is filled with alumina pellets having the 
ruthenium catalyst supported thereon and is incorpo- 
rated in a fuel-cells system 10J, which has the same 
structure as that of the fuel-cells system 10 of the first 
embodiment. The ruthenium catalyst has both the activ- 
ities for selective oxidation of carbon monoxide and 
methanization of carbon monoxide. The following 
describes the characteristics of the ruthenium catalyst. 
The graph of Fig. 28 shows the comparison in activities 
for oxidation of carbon monoxide and methanization of 
carbon monoxide between the ruthenium catalyst and 
the platinum catalyst. Like the CO selective oxidizing 
unit 34J of the tenth embodiment, CO selective oxidiz- 
ing units of 10 ml in volume were respectively filled with 
alumina pellets having the ruthenium catalyst and the 
platinum catalyst. A model gas (H 2 =75%, C02=25%) 
moistened at 60°C with a bubbler was fed at a space 
velocity of 5000 h" 1 to the respective CO selective oxi- 
dizing units, and the concentrations of carbon monoxide 
and methane in the discharged gas were measured. 

As shown in the graph of Fig. 28, in both the cases 
of the ruthenium catalyst and the platinum catalyst, the 
concentration of carbon monoxide in the discharged 
gas increases with a rise in temperature of the catalyst 
which proves the progress of the reverse shift reaction. 
The ruthenium catalyst, however, leads to a less 
amount of carbon monoxide. In the case of the ruthe- 
nium catalyst, the concentration of methane in the dis- 
charged gas also increases with a rise in temperature of 
the catalyst, which proves the progress of the methani- 
zation reaction. No production of methane is observed 
in the case of the platinum catalyst. These results show 
that the ruthenium catalyst methanizes carbon monox- 
ide produced by the reverse shift reaction and thereby 
reduces the concentration of carbon monoxide. The CO 
selective oxidizing unit 34J of the tenth embodiment 
filled with the ruthenium catalyst thus methanizes car- 
bon monoxide produced by the reverse shift reaction 
simultaneously with selective oxidation of carbon mon- 
oxide in the reformed gas. thus reducing the concentra- 
tion of carbon monoxide in the resulting gaseous fuel. 

As discussed above, the CO selective oxidizing unit 
34J including only one catalyst can carry out methani- 
zation of carbon monoxide simultaneously with selec- 
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tive oxidation of carbon monoxide in the reformed gas, 
so that the resulting gaseous fuel has an extremely low 
concentration of carbon monoxide. The catalyst used 
here has both the oxidation activity and the methaniza- 
5 tion activity and enables carbon monoxide in the 
reformed gas to be subjected to both the oxidation reac- 
tion and the methanization reaction, thereby effectively 
reducing the concentration of carbon monoxide in the 
reformed gas. Even when the selective oxidation reac- 
10 tion of carbon monoxide is concluded before the outlet 
of the CO selective oxidizing unit, the methanization 
reaction consumes carbon monoxide produced by the 
subsequently proceeding reverse shift reaction, so that 
the resulting gaseous fuel discharged from the CO 
75 selective oxidizing unit has an extremely low concentra- 
tion of carbon monoxide. 

The catalyst that has the activities for both selective 
oxidation and methanization of carbon monoxide and is 
used in the CO selective oxidizing unit 34J of the tenth 
20 embodiment may be applied for the CO selective oxidiz- 
ing units of the first through the fifth embodiments. 
Other structures having a plurality of reaction chambers 
filled with the catalyst-carrying pellets or having a reac- 
tion chamber made of a honeycomb tube exert the 
25 same effects as those of the tenth embodiment. 

The ruthenium catalyst is used in the CO selective 
oxidizing unit 34J of the tenth embodiment Other cata- 
lysts, such as a nickel catalyst, may, however, be used 
instead of the ruthenium catalyst, as long as they have 
30 activities for both selective oxidation and methanization 
of carbon monoxide. The favorable temperature range 
of the ruthenium catalyst is 1 00 to 1 80°C, which is close 
to the favorable temperature range of the reforming 
reaction in the reformer unit and the favorable tempera- 
35 ture range of the cell reactions in the fuel cells. The 
ruthenium catalyst used as the CO selective oxidizing 
catalyst having the methanization activity advanta- 
geously simplifies the structure for temperature control 
of the reformed gas and the gaseous fuel. 
40 The fuel reformers of the eighth through the tenth 
embodiments discussed above use the catalyst having 
the methanization activity, which accelerates the metha- 
nization reaction to consume carbon monoxide pro- 
duced by the reverse shift reaction. Another possible 
45 structure carries out the oxidation reaction to consume 
carbon monoxide produced by the reverse shift reac- 
tion. In this case, the amount of the oxidizing gas, which 
contains oxygen required for the oxidation reaction and 
is introduced into the reformed gas fed to the CO selec- 
so tive oxidizing unit, is determined by taking into account 
the amount of carbon monoxide included in the 
reformed gas as well as the amount of carbon monoxide 
produced by the reverse shift reaction proceeding in the 
CO selective oxidizing unit A CO selective oxidizing unit 
55 34K of such a structure is discussed below as an elev- 
enth embodiment according to the present invention. 

The CO selective oxidizing unit 34K of the eleventh 
embodiment is incorporated in a fuel-cells system 10K. 
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which has the same structure as that of the fuel-cells 
system 10 of the first embodiment and is thus not spe- 
cifically described here. As shown in Fig. 29, the CO 
selective oxidizing unit 34K has a reaction chamber 94 
filled with the platinum catalyst-carrying alumina pellets. 
The following describes the relationship between car- 
bon monoxide and oxygen in the CO selective oxidizing 
unit 34K, prior to the control procedure in the CO selec- 
tive oxidizing unit 34K. The reverse shift reaction as well 
as the selective oxidation reaction of carbon monoxide 
proceeds in the CO selective oxidizing unit 34K. As 
mentioned previously, since the selective oxidation 
reaction of carbon monoxide has a higher reaction rate 
than that of the reverse shift reaction, the concentration 
of carbon monoxide decreases until oxygen is used up. 
The reverse shift reaction, which proceeds after oxygen 
is used up and the selective oxidation reaction of carbon 
monoxide is concluded, produces carbon monoxide 
remaining in the gas discharged from the CO selective 
oxidizing unit. In the case of an excess supply of oxygen 
to the reformed gas fed to the CO selective oxidizing 
unit, carbon monoxide produced by the reverse shift 
reaction proceeding in the CO selective oxidizing unit 
can be oxidized completely- In the CO selective oxidiz- 
ing unit 34K of the eleventh embodiment, the amount of 
oxygen (the amount of the oxidizing gas) introduced into 
the reformed gas is regulated according to the flow rate 
of the reformed gas. in order to oxidize carbon monox- 
ide originally included in the reformed gas as well as 
carbon monoxide produced by the reverse shift reac- 
tion, thereby reducing the concentration of carbon mon- 
oxide in the resultant discharged gas. 

Excess amounts of hydrogen and carbon monoxide 
involved in the reverse shift reaction exist in the 
reformed gas fed to the CO selective oxidizing unit. The 
reverse shift reaction accordingly has a fixed rate at a 
constant temperature. An increase in amount of oxygen 
introduced into the reformed gas fed to the CO selective 
oxidizing unit accelerates the oxidation reaction of 
hydrogen in the reformed gas and leads to consumption 
of oxygen for oxidation of hydrogen. The activity for 
selective oxidation of carbon monoxide gradually 
decreases with a decrease in concentration of oxygen 
in the reformed gas in the CO selective oxidizing unit 
There are various factors affecting the concentration of 
carbon monoxide in the reformed gas passing through 
the CO selective oxidizing unit. The minimum amount of 
oxygen that makes the concentration of carbon monox- 
ide substantially equal to zero at the outlet of the CO 
selective oxidizing unit can be determined as a repro- 
ducible value according to the flow rate of the reformed 
gas fed to the CO selective oxidizing unit. In the CO 
selective oxidizing unit 34K of the eleventh embodiment, 
the relationship between the flow rate of the reformed 
gas and the minimum amount of the oxidizing gas 
required for sufficiently reducing the concentration of 
carbon monoxide is stored in the control unit 70. The 
structure of the eleventh embodiment determines the 



amount of the oxidizing gas introduced into the 
reformed gas. based on this relationship, so as to 
reduce the concentration of carbon monoxide in the 
reformed gas. 

5 The following describes a control operation carried 

out in the course of regulation of the inner temperature 
of the CO selective oxidizing unit 34K. Fig. 30 is a flow- 
chart showing a routine of regulating the amount of the 
oxidizing gas, which is carried out during the course of 
10 regulation of the inner temperature of the CO selective 
oxidizing unit 34K. 

When the fuel reformer 30 of the eleventh embodi- 
ment starts operation, the control unit 70 carries out the 
routine of regulating the amount of the oxidizing gas 
is shown in the flowchart of Fig. 30 at predetermined time 
intervals, for example, at every 100 msec in this embod- 
iment The routine regulates the amount of the oxidizing 
gas introduced into the reformed gas to be suitable for 
the flow rate of the reformed gas fed to the CO selective 
20 oxidizing unit 34K. 

When the program enters the routine, the CPU 72 
first reads a flow rate of the reformed gas measured by 
the gas flow sensor 37 at step S600 and determines the 
amount of the oxidizing gas corresponding to the input 
25 gas flow at step S61 0. As mentioned above, the curve of 
the optimum amount of the oxidizing gas (that is, the 
minimum value that makes the concentration of carbon 
monoxide substantially equal to zero at the outlet of the 
CO selective oxidizing unit 34K) over the whole range of 
30 the flow rate of the reformed gas is stored in advance as 
a map in the ROM 74. The amount of the oxidizing gas 
corresponding to the input gas flow is accordingly read 
from the map. 

At subsequent step S620, the CPU 72 calculates a 
35 required driving state of the blower 38 corresponding to 
the amount of the oxidizing gas specified at step S610. 
As discussed previously, the amount of the oxidizing 
gas introduced into the reformed gas depends upon the 
driving state of the blower 38. A concrete procedure of 
40 step S620 thus determines the required driving state of 
the blower 38 that makes the amount of the oxidizing 
gas introduced into the reformed gas equal to the 
amount of the oxidizing gas specified at step S610. The 
program then proceeds to step S630 to calculate a drf- 
45 ference between the actual driving state of the blower 
38 and the required driving state of the blower 38 
obtained at step S620. The CPU 72 then calculates a 
driving amount of the blower 38 required for changing 
the driving state of the blower 38 by the calculated dif- 
50 ference at step S640. At subsequent step S650. the 
CPU 72 outputs a driving signal, which represents the 
driving amount calculated at step S640, to the blower 
38. The program then exits from this routine. The actua- 
tion of the blower 38 in this manner makes the amount 
55 of the oxidizing gas introduced into the reformed gas 
equal to the amount of the oxidizing gas specified at 
step S610. In this embodiment, the amount of the oxi- 
dizing gas is determined only according to the flow rate 
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of the reformed gas. In case that a significant variation 
in concentration of carbon monoxide in the reformed 
gas is expected, it is preferable that the amount of the 
oxidizing gas is determined by taking into account not 
only the flow rate of the reformed gas but the concentra- 
tion of carbon monoxide in the reformed gas. 

In the fuel-cells system 10K of the eleventh embod- 
iment, the oxidation reaction effectively consumes car- 
bon monoxide produced by the reverse shift reaction 
proceeding in the CO selective oxidizing unit 34K. 
thereby significantly reducing the concentration of car- 
bon monoxide in the reformed gas. The catalyst packed 
in the CO selective oxidizing unit 34K accelerates selec- 
tive oxidation of carbon monoxide produced by the 
reverse shift reaction as well as carbon monoxide origi- 
nally included in the reformed gas. Introduction of the 
suitable amount of the oxidizing gas into the reformed 
gas thus effectively decreases the concentration of car- 
bon monoxide in the reformed gas. 

The CO selective oxidizing unit 34K of the eleventh 
embodiment has only one reaction chamber 94 as 
shown in Fig. 29. Uke the first through the fifth embodi- 
ments discussed above, the CO selective oxidizing unit 
34K may have a plurality of reaction chambers. The 
amount of the catalyst is regulated according to the flow 
rate of the reformed gas (and the concentration of car- 
bon monoxide in the reformed gas, if necessary), in 
order to enable the selected condition to approach the 
optimum condition. In case that carbon monoxide is pro- 
duced by the reverse shift reaction under the selected 
condition, the amount of the oxidizing gas is further reg- 
ulated to consume carbon monoxide by the selective 
oxidation reaction and significantly reduce the concen- 
tration of carbon monoxide in the reformed gas. 

Some of the control operations for reducing the 
concentration of carbon monoxide carried out in the first 
through the eleventh ernbodiments may be combined 
for effective reduction of the concentration of carbon 
monoxide in the reformed gas. Namely some among the 
regulation of the amount of the catalyst, the catalyst 
temperature control, the methanization reaction, and 
the regulation of the amount of the oxidizing gas may be 
combined according to the requirements. The parame- 
ter (for example, the amount of the catalyst or the tem- 
perature of the catalyst) to be regulated according to the 
flow rate of the reformed gas and the concentration of 
carbon monoxide in the reformed gas for the purpose of 
reducing the concentration of carbon monoxide may be 
selected by taking into account the response of each 
control procedure (the time delay between the control 
and the actual effect) and the degree of adverse effects, 
such as a decrease in hydrogen partial pressure, 
caused by the control. 

The present invention is not restricted to the above 
embodiments or their modified examples, but there may 
be many other modifications, changes, and alterations 
without departing from the scope or spirit of the main 
characteristics of the present invention. 



It should be clearly understood that the above 
embodiments are only illustrative and not restrictive in 
any sense. The scope and spirit of the present invention 
are limited only by the terms of the appended claims. 

5 

Claims 

1. An apparatus for reducing concentration of carbon 
monoxide included in a carbon moncxide-contain- 
io ing hydrogen-rich gas, said apparatus comprising: 

a carbon monoxide selective oxidation reaction 
unit including a predetermined amount of a car- 
bon monoxide selective oxidizing catalyst for 
is accelerating a selective oxidation reaction of 

carbon monoxide; 

oxidizing gas introduction means for introduc- 
ing an oxidizing gas containing oxygen for oxi- 
dizing carbon monoxide, into said carbon 
20 monoxide selective oxidation reaction unit; 

gas supply means for feeding the hydrogen- 
rich gas containing carbon monoxide into said 
carbon monoxide selective oxidation reaction 
unit; and 

25 catalyst amount control means for regulating 

an amount of said carbon monoxide selective 
oxidizing catalyst actually involved in said 
selective oxidation reaction of carbon monox- 
ide among a total amount of said carbon mon- 

30 oxide selective oxidizing catalyst, based on an 

amount of carbon monoxide included in the 
hydrogen-rich gas. 

2. An apparatus in accordance with claim 1, wherein 
35 said carbon monoxide selective oxidation reaction 
unit comprises a plurality of carbon monoxide 
selective oxidizing units that respectively include 
said carbon monoxide selective oxidizing catalyst 
and have an inlet, into which the hydrogen-rich gas 
40 mixed with the oxidizing gas flows, and an outlet, 
from which the hydrogen-rich gas containing a 
reduced concentration of carbon monoxide is dis- 
charged, 
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said catalyst amount control means controlling 
an open/close state of at least either one of 
said inlet and said outlet of each said carbon 
monoxide selective oxidizing unit, so as to ena- 
ble said selective oxidation reaction of carbon 
monoxide to proceed in a predetermined 
number of said carbon monoxide selective oxi- 
dizing units corresponding to the amount of 
carbon monoxide included in the hydrogen-rich 



3. An apparatus in accordance with claim 1, wherein 
said carbon monoxide selective oxidation reaction 
unit comprises a plurality of gas discharge open- 
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ings arranged in a flow direction of the hydrogen- 
rich gas for discharging the hydrogen-rich gas con- 
taining a reduced concentration of carbon monox- 
ide, 

5 

said catalyst amount control means selecting 
one gas discharge opening, from which the 
hydrogen-rich gas containing the reduced con- 
centration of carbon monoxide is actually dis- 
charged, among said plurality of gas discharge w 
openings, so as to vary an area of said carbon 
monoxide selective oxidizing catalyst involved 
in said selective oxidation reaction of carbon 
monoxide in said carbon monoxide selective 
oxidation reaction unit. '5 

4. An apparatus for reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas, said apparatus comprising: 

20 

a carbon monoxide selective oxidation reaction 
unit including a carbon monoxide selective oxi- 
dizing catalyst that accelerates a selective oxi- 
dation reaction of carbon monoxide depending 
upon a temperature; 25 
oxidizing gas introduction means for introduc- 
ing an oxidizing gas containing oxygen for oxi- 
dizing carbon monoxide, into said carbon 
monoxide selective oxidation reaction unit; 
gas supply means for feeding the hydrogen- 30 
rich gas containing carbon monoxide into said 
carbon monoxide selective oxidation reaction 
unit; and 

catalyst activity control means for regulating a 
temperature of said carbon monoxide selective 35 
oxidizing catalyst, in order to enable said selec- 
tive oxidation reaction of carbon monoxide pro- 
ceeding in said carbon monoxide selective 
oxidation reaction unit to be concluded in the 
vicinity of an outlet of said carbon monoxide 
selective oxidation reaction unit, from which the 
hydrogen-rich gas containing a reduced con- 
centration of carbon monoxide is discharged. 

5. An apparatus in accordance with claim 4, wherein 
sad catalyst activity control means comprises: 

oxidation temperature estimation means for 
estimating an optimum temperature of said car- 
bon monoxide selective oxidizing catalyst that 
enables said selective oxidation reaction of car- 
bon monoxide proceeding in said carbon mon- 
oxide selective oxidation reaction unit to be 
concluded at the outlet of said carbon monox- 
ide selective oxidation reaction unit, based on 
an amount of carbon monoxide included in the 
hydrogen-rich gas; and 

catalyst temperature control means for varying 



the temperature of said carbon monoxide 
selective oxidizing catalyst, in order to make 
the temperature of said carbon monoxide 
selective oxidizing catalyst approach the opti- 
mum temperature estimated by said oxidation 
temperature estimation means. 

6. An apparatus in accordance with claim 4, wherein 
said catalyst activity control means comprises: 

a plurality of carbon monoxide sensors 
arranged in a flow direction of the hydrogen- 
rich gas in said carbon monoxide selective oxi- 
dation reaction unit; and 
catalyst temperature control means for varying 
the temperature of said carbon monoxide 
selective oxidizing catalyst, based on a varia- 
tion in concentration of carbon monoxide 
included in the hydrogen-rich gas in said car- 
bon monoxide selective oxidation reaction unit, 
which is detected by said plurality of carbon 
monoxide sensors. 

7. An apparatus for reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas, said apparatus comprising: 

a carbon monoxide selective oxidation reaction 
unit including a carbon monoxide selective oxi- 
dizing catalyst for accelerating a selective oxi- 
dation reaction of carbon monoxide; 
oxidizing gas introduction means for introduc- 
ing an oxidizing gas containing oxygen for oxi- 
dizing carbon monoxide, into said carbon 
monoxide selective oxidation reaction unit; 
gas supply means for feeding the hydrogen- 
rich gas containing carbon monoxide into said 
carbon monoxide selective oxidation reaction 
unit; and 

40 a methanization reaction unit including a meth- 

anization catalyst for accelerating a methaniza- 
tion reaction of carbon monoxide, said 
methanization reaction unit receiving a supply 
of the hydrogen rich gas containing a reduced 
45 concentration of carbon monoxide fed from 

said carbon monoxide selective oxidation reac- 
tion unit and further reducing the concentration 
of carbon monoxide in the hydrogen-rich gas 
through said methanization reaction. 

50 

8. An apparatus for reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas, said apparatus comprising: 

55 a carbon monoxide selective oxidation reaction 

unit including a carbon monoxide selective oxi- 
dizing catalyst for accelerating a selective oxi- 
dation reaction of carbon monoxide; 
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oxidizing gas introduction means for introduc- 
ing an oxidizing gas containing oxygen for oxi- 
dizing carbon monoxide, into said carbon 
monoxide selective oxidation reaction unit; and 
gas supply means for feeding the hydrogen- s 
rich gas containing carbon monoxide into said 
carbon monoxide selective oxidation reaction 
unit; 

said carbon monoxide selective oxidation reac- 
tion unit further including a methanization cata- io 
lyst for accelerating a methanization reaction of 
carbon monoxide, in order to reduce the con- 
centration of carbon monoxide in the hydrogen- 
rich gas through said selective oxidation reac- 
tion of carbon monoxide as well as said metha- is 
nization reaction. 

An apparatus for reducing concentration of carbon 
monoxide included in a carbon monoxide-contain- 
ing hydrogen-rich gas, said apparatus comprising: 20 

a carbon monoxide selective oxidation reaction 
unit including a carbon monoxide selective oxi- 
dizing catalyst for accelerating a selective oxi- 
dation reaction of carbon monoxide; 25 
oxidizing gas introduction means for introduc- 
ing a predetermined amount of an oxidizing 
gas containing oxygen for oxidizing carbon 
monoxide, into said carbon monoxide selective 
oxidation reaction unit, said predetermined 30 
amount depending upon a flow rate of the 
hydrogen-rich gas; and 

gas supply means for feeding the hydrogen- 
rich gas containing carbon monoxide into said 
carbon monoxide selective oxidation reaction 35 
unit; 

said oxidizing gas introduction means compris- 
ing: 

oxidizing gas amount calculation means 40 
for calculating a required amount of the 
oxidizing gas for oxidizing carbon monox- 
ide secondarily produced in said carbon 
monoxide selective oxidation reaction unit 
in addition to carbon monoxide originally 45 
included in the hydrogen-rich gas, based 
on a temperature of said carbon monoxide 
selective oxidizing catalyst and a space 
velocity of the hydrogen-rich gas in said 
carbon monoxide selective oxidation reac- so 
tion unit; and 

oxidizing gas supply determination means 
for determining a supply of the oxidizing 
gas introduced into said carbon monoxide 
selective oxidation reaction unit based on ss 
the required amount of the oxidizing gas 
calculated by said oxidizing gas supply cal- 
culation means. 



1 0. A method of reducing concentration of carbon mon- 
oxide included in a carbon monoxide-containing 
hydrogen-rich gas, said method comprising the 
steps of: 

(a) mixing an oxidizing gas containing oxygen 
for oxidizing carbon monoxide with the hydro- 
gen-rich gas; and 

(b) utilizing a carbon monoxide selective oxidiz- 
ing catalyst for accelerating a selective oxida- 
tion reaction of carbon monoxide, thereby 
reducing the concentration of carbon monoxide 
in the hydrogen-rich gas mixed with the oxidiz- 
ing gas through said selective oxidation reac- 
tion of carbon monoxide, 

said step (b) further comprising the step 

of: 

(b-1) regulating an amount of said carbon 
monoxide selective oxidizing catalyst actu- 
ally involved in said selective oxidation 
reaction of carbon monoxide, based on an 
amount of carbon monoxide in the hydro- 
gen-rich gas. 

11. A method of reducing concentration of carbon mon- 
oxide included in a carbon monoxide-containing 
hydrogen-rich gas, said method comprising the 
steps of: 

(c) mixing an oxidizing gas containing oxygen 
for oxidizing carbon monoxide with the hydro- 
gen-rich gas; and 

(d) utilizing a carbon monoxide selective oxidiz- 
ing catalyst that accelerates a selective oxida- 
tion reaction of carbon monoxide depending 
upon a temperature, thereby reducing the con- 
centration of carbon monoxide in the hydrogen- 
rich gas mixed with the oxidizing gas through 
said selective oxidation reaction of carbon 
monoxide proceeding on a surface of said car- 
bon monoxide selective oxidizing catalyst, 

said step (d) further comprising the step 

of: 

(d-1) regulating a temperature of said car- 
bon monoxide selective oxidizing catalyst, 
in order to enable said selective oxidation 
reaction of carbon monoxide to be con- 
cluded at a time point when the hydrogen- 
rich gas has just passed through said car- 
bon monoxide selective oxidizing catalyst. 

1 2. A method of reducing concentration of carbon mon- 
oxide included in a carbon monoxide-containing 
hydrogen-rich gas, said method comprising the 
steps of: 
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(e) mixing an oxidizing gas containing oxygen 
for oxidizing carbon monoxide with the hydro- 
gen-rich gas; 

(f) utilizing a carbon monoxide selective oxidiz- 
ing catalyst for accelerating a selective axkJa- 5 
tion reaction of carbon monoxide, thereby 
reducing the concentration of carbon monoxide 

in the hydrogen-rich gas mixed with the oxidiz- 
ing gas through said selective oxidation reac- 
tion of carbon monoxide; and 10 

(g) utilizing a methanization catalyst for accel- 
erating a methanization reaction of carbon 
monoxide, thereby further reducing the con- 
centration of carbon monoxide included in the 
hydrogen-rich gas through said methanization is 
reaction, after the reduction of the concentra- 
tion of carbon monoxide through said selective 
oxidation reaction of carbon monoxide. 

13. A method of reducing concentration of carbon mon- 20 
oxide included in a carbon monoxide-corrtaining 
hydrogen-rich gas, said method comprising the 
steps of: 

(h) mixing an oxidizing gas containing oxygen 2s 
for oxidizing carbon monoxide with the hydro- 
gen-rich gas; and 

(i) utilizing a mixture of a carbon monoxide 
selective oxidizing catalyst for accelerating a 
selective oxidation reaction of carbon monox- 30 
ide and a methanization catalyst for accelerat- 
ing a methanization reaction of carbon 
monoxide, thereby reducing the concentration 

of carbon monoxide in the hydrogen-rich gas 
mixed with the oxidizing gas through said 35 
selective oxidation reaction of carbon monox- 
ide and said methanization reaction. 

14. A method of reducing concentration of carbon mon- 
oxide included in a carbon monoxide-containing 40 
hydrogen-rich gas, said method comprising the 
steps of: 

0) mixing a predetermined amount of an oxidiz- 
ing gas containing oxygen for oxidizing carbon 45 
monoxide with the hydrogen-rich gas, said pre- 
determined amount depending upon a flow rate 
of the hydrogen-rich gas; and 
(k) utilizing a carbon monoxide selective oxidiz- 
ing catalyst for accelerating a selective oxida- so 
tion reaction of carbon monoxide, thereby 
reducing the concentration of carbon monoxide 
in the hydrogen-rich gas mixed with the oxidiz- 
ing gas through said selective oxidation reac- 
tion of carbon monoxide; 55 

said step (k) further comprising the 
steps of: 



(k-1) calculating a required amount of the 
oxidizing gas for oxidizing carbon monox- 
ide secondarily produced in the presence 
of said carbon monoxide selective oxidiz- 
ing catalyst in addition to carbon monoxide 
originally included in the hydrogen-rich 
gas, based on a temperature of said car- 
bon monoxide selective oxidizing catalyst 
and a space velocity of the hydrogen-rich 
gas for a progress of said selective oxida- 
tion reaction of carbon monoxide; and 
(k-2) determining a supply of the oxidizing 
gas to be mixed with the hydrogen-rich 
gas, based on the required amount of the 
oxidizing gas calculated in said step (k-1). 



29 



EPO 833401 A2 



O 
CO 




• ■—I 



30 



EPO 833401 A2 



g. 2 



28 




31 



EP 0 833 401 A2 



F i g. 3 



40 

t 

52T 52b 

56 44 41 48 52a^-52 
/ ! I / / ' 




32 



EPO 833 401 A2 



F i g. 4 



i 



34 



J 

36 L 



80B 
80A 



81A 



u 



T 

80 



36A 



T 

81 



36B 



T 

82 



^ T18 

- n 82B 
^-82A 



33 



EP 0 833 401 A2 




Fig. 6 




34 



EPO 833 401 A2 



Fig. 7 



c 



ROUTINE OF REGULATING 
AMOUNT OF CATALYST 



3 



J READ GAS 


FLOW RATE f~ 






DETERMINE CORRESPONDING RANGE I 






DETERMINE REACTION CHAMBERS 
TO BE ACTIVATED 






OUTPUT DRIVING SIGNALS 
TO CORRESPONDING VALVES 







S100 



5120 



5130 



^ RETURN ^ 



35 



EPO 833401 A2 




36 



EP 0 833 401 A2 



F i g. 9 





37 



EP 0 833 401 A2 



ig. 1 1 




FLOW RATE OF GAS 



38 



EPO 833401 A2 



Fig. 12 



c 



ROUTINE OF REGULATING 
AMOUNT OF CATALYST 



L 



READ GAS FLOW RATE 







DETERMINE REQUIRED 
MASK OPENING RATIO Q 






CALCULATE DIFFERENCE AQ 
IN MASK OPENING RATIO 






CALCULATE DRIVING AMOUNT 
CORRESPONDING TO A Q 






DRIVE MOVABLE MASK 87 







3 

S200 



Q RETURN ^ 



S210 



S220 



S230 



S240 



39 



EPO 833401 A2 



Fig. 13 



88B> 88 A. 




90B 90A 



f 

88 



34C 



40 



EPO 833401 A2 



g. 14 




90D 90C 



EPO 833401 A2 



Fig. 15 



IN CASE OF HIGH CATALYST TEMPERATURE 

IN CASE OF MEDIUM CATALYST TEMPERATURE 

IN CASE OF LOW CATALYST TEMPERATURE 




42 



EP 0 833 401 A2 



Fig. 16 



500 




TEMPERATURE OF CATALYST CC) 



43 



EP 0 833 401 A2 



Fig. 17 



5 80- 



O 
O 

< 

< 
a 

</) 

Ul 

a: 




60 80 100 120 140 160 180 200 



REACTION TEMPERATURE (*C ) 



44 



EP 0 833 401 A2 



Fig. 18 




LiJ 



FLOW RATE OF REFORMED GAS 



45 



EP 0 833 401 A2 



Fig. 19 



^CATALYST TEMPERATURE CONTROL ROUTINE^ 







READ GAS FLOW RATE 1 







DETERMINE CORRESPONDING CATALYST TEMPER ATURI 



L--S300 
-5310 







| CALCULATE REQUIRED POSITION OF VALVE 16B J- 






I CALCULATE DIFFERENCE IN POSITION 1 
OF VALVE 16B 1 






CALCULATE DRIVING AMOUNT 1 
| CORRESPONDING TO DIFFERENCE f 






[ DRIVE VALVE 16B J 







^ RETURN ^ 



p~S320 
1/-S330 
p-53^0 



S350 



46 



EPO 833 401 A2 



Fig. 20 



34F 




47 



EP 0 833 401 A2 



Fig. 21 



/CA 



CATALYST TEMPERATURE 
CONTROL ROUTINE 



5 



READ CO CONCENTRATIONS 
D, AND D 2 



7 




S400 



5410 



5420 



YES 





N0 f 5430 




^S440 


DRIVE VALVE 16B 
TO INCREASE POSITION 
OF VALVE 16B BY A SI 




DRIVE VALVE 16B 
TO DECREASE POSITION 
OF VALVE 16B BY A S2 






1 




< 







READ CO CONCENTRATIONS 
D, AND D, 



f 




S450 



S460 



48 



EPO 833401 A2 




49 



EPO 833401 A2 



Fig. 23 




60 80 100 120 140 160 180 200 220 



TEMPERATURE OF CATALYST (*C) 



50 



EPO 833401 A2 



Fig. 24 




CONCENTRATION OF CO 



51 



EPO 833 401 A2 



Fi g. 25 



C 



METHAN I ZAT I ON CATALYST TEMPERATURE 
CONTROL ROUTINE 



READ GAS FLOW RATE 



L 



READ CONCENTRATION OF CARBON MONOXIDE 







DETERMINE CORRESPONDING CATALYST TEMPERATURE 






CALCULATE REQUIRED POSITION OF VALVE 19B 






CALCULATE DIFFERENCE IN POSITION OF VALVE 19B 






CALCULATE DRIVING AMOUNT CORRESPONDING 
TO DIFFERENCE 






DRIVE VALVE 19B 







Q RETURN ^ 



S520 



-S530 



S540 



5550 



S560 



52 



EP 0 833 401 A2 



Fig. 26 



Fig. 27 



3AH 




O CO SELECTIVE OXIDIZING CATALYST 
• CO METHANI ZATI ON CATALYST 




O CO SELECTIVE OXIDIZING CATALYST 
• CO METHANI ZATI ON CATALYST 



53 



EPO 833 401 A2 



Fi g. 28 



500 



400- 



300- 




200- 



100- 



60 80 100 120 140 160 180 200 220 

TEMPERATURE OF CATALYST CO 



Fig. 29 



f 



34K 




54 



EP 0 833 401 A2 



Fig. 30 



C 



ROUTINE OF REGULATING AMOUNT 
OF OXIDIZING GAS 



Z 



D 



READ GAS FLOW RATE 



5600 



DETERMINE CORRES 
OF OXIDIZI 


PONDING AMOUNT 
NG GAS 






CALCULATE REQUIRED DRIVING STATE 
OF BLOWER 38 






CALCULATE DIFFERENCE IN DRIVING STATE 
OF BLOWER 38 






CALCULATE DRIVING AMOUNT 
CORRESPONDING TO DIFFERENCE 






DRIVE B 


LOWER 38 



5610 



5620 



5630 



S640 



•5650 



^ RETURN J 



55 



